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GENERAL INTRODUCTION
The work r e p o r te d  in  t h i s  t h e s i s  was c a r r i e d  ou t in  
th e  E l e c t r i c a l  E n g in e e rin g  D epartm ent o f  th e  Royal C o llege  o f 
S c ience  and T echnology, Glasgow, and d eveloped  o u t o f  an 
in v e s t i g a t io n  c a r r i e d  o u t in  t h a t  departm ent in to  pre-breakdow n 
phenomena i n  room a i r ,  u s in g  u n ifo r ra - f ie ld  e le c t ro d e s  a t  sp ac in g s  
o f  th e  o rd e r  o f  1 cm ., w ith  s t a t i c  v o lta g e  a p p lie d .
In  th e  c o u rse  o f s t a t i c  v o lta g e  breakdown s tu d ie s  in
M )room a i r ' “ , i t  had been  no ted  t h a t ,  in  r a d iu m - ir r a d ia te d  gaps, 
when th e  v o l ta g e  was w ith in  a  few  p e r  c e n t o f th e  breakdown v a lu e , 
a f a i n t  glow , o b se rv ab le  in  a darkened room, ap p eared  in  th e  r e g io n  
o f  th e  anode, and t h a t  a h i s s in g  sound was produced a t  th e  same 
tim e . B oth e f f e c t s  became more pronounced as th e  breakdown 
v o lta g e  was ap p ro ach ed , o r th e  rad ium  q u a n ti ty  in c re a s e d .  I t  was 
concluded  t h a t  a  c o n s id e ra b le  pre-breakdow n d isc h a rg e  must occur 
under th e s e  c o n d i t io n s .
By c o n n e c tin g  a  ga lvanom eter in  s e r i e s  w ith  such g ap s , 
T edford^^) m easured  c u r r e n ts  o f  th e  o rd e r  o f 10 ^A. when th e  
a p p lie d  v o lta g e  approached  breakdown v a lu e  i n  th e  case  o f  rad ium - 
i r r a d i a t e d  g a p s , b u t  no d e te c ta b le  c u r re n t  f o r  n o n - i r r a d ia te d  
gap s. When an o s c i l lo g ra p h ic  tech n iq u e  was used  to  m easure th e  
v a r i a t io n  o f  p re-breakdow n c u r r e n t  w ith  gap v o lta g e  as th e  l a t t e r  
in c re a s e d  from  98^ to  '\OQffo o f  breakdown v a lu e , d i s c r e t e  p u ls e s
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o f  c u r r e n t  were o b se rv ed , and p u lse s  o f l i g h t  were a ls o  d e te c te d  
by a  p h o to m u lt ip l ie r  under th e s e  c o n d i t io n s .  I r r a d i a t i o n  o f  th e  
gap r e s u l t e d  in  a  marked in c re a s e  in  th e  freq u en cy  o f  occu rrence  
o f  th e  p u ls e s .
( 2 )I n  a c o n tin u a t io n  o f t h i s  w ork, Kapoor^ * u sed  a 
re c o rd in g  c i r c u i t  o f low er t in e - c o n s ta n t  in  o rd e r  to  re s o lv e  th e  
shapes o f in d iv id u a l  c u r r e n t  p u ls e s  in  i r r a d i a t e d  g a p s , and a t  th e  
same tim e a p h o to m u lt ip l ie r  was used  to  d e te c t  th e  l i g h t  em iss io n  
accompanying th e  pre-breakdow n d is c h a rg e . U sing a  double-beam  
o s c i l lo g ra p h  to  r e c o rd  c u r r e n t  and l i g h t  s im u lta n e o u s ly , i t  was 
found  th a t  r a p id  in c re a s e s  in  c u r r e n t  were accom panied by  l i g h t  
p u lse s  o f  s h o r t  d u ra t io n  (o f  th e  o rd e r  o f  10 ^ s e c . ) .  T h is 
o ccu rred  a t  th e  s t a r t  o f  each  c u r re n t  p u l s e ,  and som etim es once 
o r tw ice  w ith in  i t s  d u r a t io n .  The mean le n g th  o f th e  c u r r e n t  
p u lse s  (o f  th e  o rd e r  o f 10 ^ s e c . )  in c re a s e d  a s  th e  gap le n g th  was 
in c re a s e d  from 0 .3  to  2 .0  cm.
The p re s e n t  a u th o r  rep ea ted ^ ^ ^  some o f Kapoor*s 
ex p erim en ts . I t  was p o s s ib le  to  d e f in e  a  "fundam en ta l” c u r r e n t  
p u lse  shape , o f c o n s ta n t  d u ra t io n  f o r  each  gap le n g th ,  such  t h a t  
c u r re n t  p u ls e s  o f  o th e r  shapes were made up o f  two o r more 
fundam ental p u ls e s  o v e rla p p in g  on th e  tim e s c a le ;  each  fundam en ta l 
c u r re n t  p u lse  was a s s o c ia te d  w ith  one l i g h t  p u ls e .  The 
fundam ental c u r re n t  p u ls e ,  w ith  i t s  a t te n d a n t  l i g h t  p u ls e ,  co u ld
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be in te r p r e t e d  as th e  r e s u l t  o f  an  in d iv id u a l  e le c t r o n  
a v a la n o h e(^ )'(^ ) .
A ll  o f  th e  above e x p erim en ts  were c a r r i e d  o u t in  room
a i r .
I t  was a g a in s t  t h i s  background t h a t  th e  a u th o r  began  
th e  in v e s t ig a t io n  re p o r te d  in  P a r t  I  o f  th e  p r e s e n t  t h e s i s ,  w ith  
th e  o b je c t  o f  o b ta in in g  from  th e  re c o rd e d  p u ls e s  q u a n t i t a t iv e  
d a ta  on th e  p h y s ic a l  p ro c e s s e s  in v o lv e d  in  th e  pre-breakdow n 
d is c h a rg e .
S h o r tly  a f t e r  t h i s  i n v e s t ig a t io n  was begun , i t  was 
r e a l i z e d  t h a t  somewhat s im i la r  r e s e a r c h  on in d iv id u a l  e le c t r o n
( 5)av a lan ch es  was b e in g  c a r r i e d  o u t by R ae th e r* s  group a t  Hamburg'
The r e le v a n t  p a r t s  o f t h i s  German work a re  d is c u s s e d  in  r e l a t i o n  
to  o th e r  in v e s t ig a t io n s  o f th e  pre-breakdow n d is c h a rg e , in  
S e c tio n  1 o f P a r t  I  o f  th e  p re s e n t  t h e s i s .
One im p o rta n t p a r t  o f t h i s  German work i s  Schmidt* s 
th e o ry  o f th e  c u r r e n t  p u lse  shape^^^ . In  S e c tio n  2 o f P a r t  I ,  
be low , t h i s  th e o ry  i s  d is c u s s e d  in  d e t a i l ,  and has b een  ex tended  
to  co v er th e  case  o f  av a lan ch es  s t a r t i n g  p a rt-w a y  a c ro s s  th e  gap, 
as may occur w ith  rad ium  i r r a d i a t i o n ,  and to  tak e  accoun t o f  c i r c u i t  
in d u c ta n c e , which may become s i g n i f i c a n t  in  t h e  system s o f  la rg e  
p h y s ic a l  s iz e  which w i l l  be r e q u i r e d  f o r  ex p erim en ts  u s in g  h ig h e r
v o l ta g e s .
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S e c tio n  3 o f  P a r t  I  d e s c r ib e s  th e  author*  s experim en ts 
in  room a i r ,  w hich a re  a  d i r e c t  developm ent from  p re v io u s  work 
in  th e  departm en t where th e  in v e s t ig a t io n  was c a r r i e d  o u t .  As 
t h i s  work p ro g re s s e d , th e  l im i t a t io n s  im posed by th e  u se  o f  room 
a i r  as th e  e x p e r im e n ta l gas became in c r e a s in g ly  e v id e n t .  A lso 
d u r in g  t h i s  t im e , a  number o f German p a p e rs  were t r a n s l a t e d ,  and 
th e s e  in d ic a te d  t h a t  a s i g n i f i c a n t  amount o f  work had a lre a d y  
been  c a r r i e d  o u t i n  the  avalanche  f i e l d ,  in c lu d in g  in v e s t ig a t io n s  
in  n i t r o g e n ,  oxygen, and d ry  a i r  u s in g  a  2 cm gap a t  p r e s s u re s  o f 
up to  500 mm I t  was d ec id ed  to  ex ten d  th e  p r e s e n t
in v e s t ig a t io n  u s in g  an e n c lo se d  system , to  cover th e  c a se s  o f 
n i t r o g e n ,  d ry  a i r ,  and humid a i r  w ith  gaps o f  1 , 2 and 3 cm, and 
gas p re s s u re s  up to  n e a r ly  a tm o sp h e ric ; t h i s  p a r t  o f  th e  work i s  
r e p o r te d  in  S e c tio n  4  o f  P a r t  I ,
P a r t  I I  o f  th e  p re s e n t  t h e s i s  r e p o r t s  an i n v e s t i g a t io n  
o f  th e  f a c to r s  a f f e c t i n g  th e  i n t e n s i t y  o f  io n iz a t io n  p roduced  in  
a u n i fo r m - f ie ld  d isc h a rg e  gap by a  c a p su le  o f  radium  brom ide 
en c lo sed  in  th e  anode. T h is  method o f i r r a d i a t i o n  has b een  used  
in  some ç f  th e  ex p erim en ts  d e sc r ib e d  in  P a r t  I ,  and in  much o f  th e  
o th e r  work o f  th e  departm ent in  w hich th e se  ex p erim en ts  were 
c a r r ie d  o u t .
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PART I
OBSERVATION OF INDIVIDUAL ELECTRON AVALANCHES
1 . INTRODUCTION
T h is  in t r o d u c t io n  g iv es  an acco u n t o f  e x p e rim e n ta l and 
th e o r e t i c a l  work r e l a t i n g  to  th e  o ccu rren ce  o f  e le c t r o n  av a lan ch es  
in  d isc h a rg e  g a p s .
F i r s t l y ,  a b r i e f  d e s c r ip t io n  i s  g iv en  o f  th e  w ell-know n 
Townsend th e o ry  o f  breakdow n, and o f  th e  ex p erim en ts  b a sed  upon i t ,  
in v o lv in g  m easurem ents o f th e  average  ( d . c . )  p re-b reakdow n c u r re n t  
r e s u l t i n g  from  th e  fo rm a tio n  o f  e le c t r o n  a v a la n c h e s . T h is  i s  
fo llo w ed  by a d is c u s s io n  o f  th e  e x p e rim e n ta l m ethods a v a i la b le  f o r  
d e te c t in g  in d iv id u a l  e le c t r o n  a v a la n c h e s , le a d in g  n a tu r a l l y  to  a 
c o n s id e ra tio n  o f th e  s t a t i s t i c a l  n a tu re  o f  th e  pre-b reakdow n 
p ro c e s s e s . D isc u ss io n  o f th e  s tre am er mechanism has b een  d e fe r r e d  
u n t i l  t h i s  p o in t ,  s in c e  the  most r e c e n t  in v e s t ig a t io n s  o f  th e  
mechanism developed  o u t o f ex p erim en ts  on in d iv id u a l  a v a la n c h e s .
A summary i s  g iv en  o f  th o se  in v e s t ig a t io n s  o f in d iv id u a l  av a lan ch es 
which have been  c a r r i e d  o u t in  n i tro g e n  and a i r ,  and a  s h o r t  con­
c lu d in g  s e c t io n  b r i e f l y  d e sc r ib e s  th e  p re s e n t  w ork.
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1,1 Townsend Theory
Over a  wide ran g e  o f c o n d i t io n s ,  th e  o b se rv ed  grow th o f  
c u r r e n t  t h a t  p reced es  breakdown o f a  d isc h a rg e  gap i s  e x p la in e d  
s a t i s f a c t o r i l y  by  th e  w ell-know n th e o ry  due to  J ,  S , Townsend, 
o r  by a  m o d ified  form  o f  i t ,  Tow nsend's work in  t h i s  f i e l d  has
been rev iew ed  by a number o f a u th o r s ; a r e c e n t  acco u n t i s  by
( o )
L le w e lly n -J  one s '
The b r i e f  d e s c r ip t io n  o f Townsend th e o ry  t h a t  fo llo w s  
d e a ls  w ith  th o se  p o in ts  which have a b e a r in g  on th e  p r e s e n t  w ork. 
Only th e  c a se  o f  a un iform  e l e c t r i c  f i e l d  i s  c o n s id e re d .
-  7 -
1 ,1 .1  Townsend th e o ry  in  gases which do n o t form  n e g a tiv e  io n s
A ccord ing  to  t h i s  th e o ry ,  e le c t ro n s  r e le a s e d  a t  th e  
ca thode  o f  th e  d isc h a rg e  gap by some e x te rn a l  agency ( e .g .  by 
u l t r a - v i o l e t  r a d i a t i o n  cau sin g  p h o to e m iss io n ) , i n  t r a v e l l i n g  
tow ards th e  anode under th e  a c t io n  o f  th e  a p p lie d  e l e c t r i c  f i e l d ,  
io n iz e  th e  gas i n  th e  gap by c o l l i s i o n ,  and in  t h i s  way produce 
f u r th e r  f r e e  e le c t r o n s  a cc o rd in g  to  th e  r e l a t i o n
d (n _ (x ))  = a n (x ) dx , . (1 )
Here n (x ) i s  th e  number o f e le c t r o n s  a t  a  d is ta n c e  x from th e  
c a th o d e , m easured in  th e  d i r e c t io n  o f th e  e le c t r o n  m otion , 
and a i s  th e  " f i r s t  Townsend c o e f f i c i e n t " ,  whose v a lu e  depends 
upon th e  n a tu re  o f th e  g a s , th e  gas p r e s s u r e ,  and the  e l e c t r i c  
f i e l d  s t r e n g th .
In  a uniform  e l e c t r i c  f i e l d ,  a i s  in d ep en d en t o f x , 
and in te g r a t io n  o f ( l )  g iv es
n_(x) = n_ (o ) e ^  . . . (2 )
I f  th e  gap le n g th  i s  d , th e n , a t  th e  anode,
n_(d) = n_ (o ) e ^  . . . (3 )
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Thus th e  number o f  e le c t r o n s  le a v in g  th e  ca thode  i s  
m u l t ip l ie d  by  e^^  in  c ro s s in g  th e  g ap . T h is  f a c to r  i s  c a l l e d  th e  
" m u l t ip l i c a t io n "  o r  "gas a m p lif ic a t io n "  o f  th e  p ro c e s s .  Each 
in d iv id u a l  e le c t r o n  le a v in g  th e  ca thode  i s  s a id  to  p roduce an 
"av a lan ch e"  o f  e^^ e le c t r o n s  (a s  w e ll  as (e^^  -  1) p o s i t iv e  io n s ) ;  
i n  c o n s id e r in g  such in d iv id u a l  e v e n ts ,  th e  q u a n ti ty  e ^  i s  c a l l e d ,  
p a r t i c u l a r l y  i n  th e  German l i t e r a t u r e ,  th e  " c a rr ie r-n u m b e r"  (d ie  
T râ g e rz a h l)  o f  the  a v a la n c h e .
I t  fo llo w s  from (3 ) t h a t  th e  c u r r e n t  i  f lo w in g  in  th e
gap i s
i  = i^  . . . (4 )
where i  i s .  th e  c u r r e n t  t h a t  would flow  i f  th e  e le c t r o n s  r e l e a s e d  o
a t  th e  ca thode  were to  c ro s s  th e  gap w ith o u t io n iz in g .
I f  th e  gap le n g th  d i s  in c re a s e d  and a i s  k e p t c o n s ta n t ,  
i t  i s  found  t h a t ,  w ith  s u f f i c i e n t l y  la rg e  v a lu e s  o f d , th e  
c u r r e n t  i  in c r e a s e s  more r a p id ly  th a n  i s  in d ic a te d  by ( 4 ) ;  t h i s  
i s  a s c r ib e d  to  the  p ro d u c tio n  o f  "secondary" e le c t r o n s ,  an d , 
c o n se q u e n tly , secondary  a v a la n c h e s . The d is t in g u is h in g  f e a tu r e  
o f  a secondary  av a lan ch e  i s  t h a t  i t s  i n i t i a t i n g  e le c t r o n  i s  
r e le a s e d  a s  th e  r e s u l t  o f a  p re c e d in g  a v a lan c h e . By way o f  
d i s t i n c t i o n ,  i n i t i a t i n g  e le c t ro n s  r e le a s e d  by an  e x te r n a l  agency 
a re  c a l le d  "p rim ary" e le c t r o n s ,  and th e s e  g ive  r i s e  to  "p rim ary" 
avalanche s .
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Two mechanisms o f secondary  e le c t r o n  p ro d u c tio n  w hich 
a re  u s u a l ly  c o n s id e re d  to  be a c t iv e  in  th e  range  o f  c o n d it io n s  
covered  by the  p r e s e n t  w ork, a re  (a )  th e  p ro d u c tio n  o f  pho to ­
e le c t r o n s  a t  th e  ca th o d e  by r a d ia t io n  from  m o lecu les  e x c i te d  by  
e le c t r o n  c o l l i s i o n ,  and (b ) th e  r e le a s e  o f  e le c t r o n s  a t  th e  ca thode  
by p o s i t iv e  io n  bombardment.
A ll  o f  th e  known mechanisms o f secondary  e le c t r o n  
p ro d u c tio n , a c t in g  e i t h e r  s e p a ra te ly  o r  to g e th e r ,  le a d  to  p r a c t i c a l l y  
th e  same form  o f  e x p re s s io n  f o r  gap c u r r e n t ,  so t h a t  th e  secondary  
e f f e c t s  may a l l  be r e p re s e n te d  by  a s in g le  c o e f f i c i e n t  Y, d e f in e d  
as th e  number o f  secondary  e le c t r o n s  p roduced  p e r  io n iz in g  
c o l l i s i o n  in  th e  gap; t h i s  le a d s  to
od
1 = 1
1 -  Y (e“"  -  1) 
and i  becomes i n f i n i t e  when
ad
.  ( 5 )
Y (e -  1 ) = 1 . . . ( 6 )
T his i s  o f te n  w r i t te n  i n  th e  approxim ate  form
Y e “ ^  = 1 . . .  (7 )
and i s  in te r p r e te d  a s  a  breakdown c r i t e r i o n .
— 10  —
1 .1 ,2  Townsend th e o ry  in  e le c t ro n e g a t iv e  g ases
A p ro c e ss  t h a t  i s  p o s s ib le  in  e le c t r o n e g a t iv e  g a se s  i s  
th e  fo rm a tio n  o f  n e g a tiv e  io n s  by the  a ttac h m en t o f  e le c t r o n s  to  
n e u t r a l  m o le c u le s . Such a  p ro c e ss  w i l l  te n d  to  su p p re ss  avalanche  
fo rm a tio n , s in c e  th e  n e g a tiv e  io n s  a re  n o t cap ab le  o f b e in g  
a c c e le ra te d  by  th e  a p p lie d  e l e c t r i c  f i e l d  betw een c o l l i s i o n s  to  
such an e x te n t  t h a t  th e y  can io n iz e  f u r t h e r  m olecu les*
The e f f e c t  o f n e g a tiv e  io n  fo rm a tio n  i s  a llo w ed  f o r  in  
th e  th e o ry  by an "a ttac h m en t c o e f f i c i e n t "  rj d e f in e d  by
d (n ^ (x ))  = Tj n _ (x ) dx . . .  (8 )
where n ^ (x ) i s  th e  number o f  n e g a tiv e  io n s  form ed when an 
avalanche t r a v e l s  a d is ta n c e  x from  th e  c a th o d e .
The r a t e  o f  p o s i t iv e  io n  fo rm a tio n  i s  now tak e n  to  
be governed by
d (n ^ (x ) )  = a n_ (x ) dx . (9 )
where n^x)is th e  number o f  p o s i t iv e  io n s  form ed when th e  ava lanche  
t r a v e l s  a d is ta n c e  x from  th e  c a th o d e .
The e q u a tio n  f o r  th e  r a t e  o f  p ro d u c tio n  o f  f r e e  
e le c tro n s  th e re fo re  becomes
d (n _ (x ))  = (ot -  T)) n _ (x ) dx . . . (10)
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I n  th e  case  o f a un ifo rm  e l e c t r i c  f i e l d ,  th e  g a s -  
a m p lif ie d  pre-breakdow n c u r r e n t  i n  th e  absence o f  secondary
p ro c e sse s  i s
1 = a -  T) a e
(a  -  Ti)d
( 11 )
A llow ing f o r  seco n d ary  p ro c e s s e s ,  r e p re s e n te d  by th e  c o e f f i c i e n t  
Y, le a d s  to
1 = 1
“ ( a  -  Ti)d _ n  
g -  p______________ g -  T]
a -  r iL
( 12)
and th e  c o rre sp o n d in g  breakdown c r i t e r i o n  i s
Yg
g -  T| = 1
The d e r iv a t io n  o f  e q u a tio n  ( l l )  i s  d e ta i l e d  by  Loeb ( 10)
(13)
Equations (1 2 )  and (13)  are d erived  in  a s im ila r  manner to  th a t  
used fo r  equations (5 )  and ( 6 ) .
(11)Schlumbohm' '  has c o n s id e re d  th e  case  where d e ta c h ­
ment o f e le c t ro n s  from  n e g a tiv e  io n s  o c c u rs , and in tro d u c e s  a 
q u a n ti ty  d e fin e d  as the  p r o b a b i l i ty  t h a t  a  n e g a tiv e  io n  w i l l  
lo s e  i t s  a tta c h e d  e le c t r o n  in  t r a v e l l i n g  u n i t  d is ta n c e  tow ards 
th e  anode.
—  12 —
and
(8 )  and (10 ) th en  become, r e s p e c t iv e ly ,
d.(rij^(x)) = [jin_(x) r % n^(x)^  dx
d(n_(x)) = L a  -  T|) n_(x) + Z n^(x)J dx
These le a d  to  an  e x p re s s io n  f o r  c u r r e n t
i  = [ ( 8 +  + S + T)) -  (G_ + S + n)
^ (1 4 )
The e f f e c t  o f secondary p ro c e sse s  i s  n o t c o n s id e re d  f o r  t h i s  c a s e .
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1 .1 ,3  E x p erim en ta l work on Townsend th e o ry
E xperim en ts b a sed  on th e  th e o ry  o u t l in e d  above in v o lv e  
m easurem ent o f  th e  p re-breakdow n c u r r e n t  i  in  a  d isc h a rg e  gap 
w ith  d i f f e r e n t  v a lu e s  o f  e le c tro d e  sp ac in g  d , a t  c o n s ta n t f i e l d  
s t r e n g th  and gas p r e s s u r e .  Under th e s e  c o n d it io n s ,  a , y , and r\
( i f  i t  e x i s t s )  a re  c o n s ta n t .
I n  th e  case  o f a gas which does n o t form  n e g a tiv e  io n s ,  
i t  i s  e a s i l y  seen  from  (4 )  t h a t ,  in  th e  absence  o f  secondary  
p ro c e s s e s ,  a  p l o t  o f  lo g ^ i  a g a in s t  d w i l l  y i e l d  a  s t r a ig h t  l i n e  o f 
s lo p e  a , w hich can  th u s  be m easured . I f  th e  sp a c in g  d i s  in c re a s e d  
u n t i l  secondary  p ro c e sse s  become s i g n i f i c a n t ,  th e  lo g ^ i ,d  p lo t  
w i l l  curve upw ards, a c c o rd in g  to  ( 5 ) j  m easurem ents on t h i s  p a r t  o f 
th e  curve y i e l d  th e  v a lu e  o f y . The v a lu e s  o f  a and y  th u s  found  
can  th en  be used  in  (6 ) to  de te rm ine  the  v a lu e  o f  d a t  which th e  
gap would be ex p ec ted  to  b re a k  down under th e  g iv en  c o n d it io n s  o f  
f i e l d  s t r e n g th  and gas p re s s u re  -  agreem ent w ith  th e  m easured v a lu e  
s u b s ta n t ia te s  th e  v a l i d i t y  o f  th e  th e o ry .
Numerous ex p erim en ts  o f t h i s  k in d  have v e r i f i e d  th e  th e o ry
in  many d i f f e r e n t  g a s e s . Of p a r t i c u l a r  i n t e r e s t  in  th e  p r e s e n t
( 1 2 )c o n te x t a re  th e  r e s u l t s  o f  D utton  e t  a l   ^ in  n i t r o g e n ,  which 
in d ic a te  t h a t  breakdown in  th a t  gas ta k e s  p la c e  by th e  Townsend
— 1 4 “
meohanism i n  the  ran g e  41 < j  ^ 45 V cm  ^ (mm Hg)  ^ f o r  v a lu e s  
o f  pd up to  810 mm. Hg cm and breakdown v o lta g e s  up to  38 kV.
(E = e l e c t r i c  f i e l d  s t r e n g th ,  p = gas p r e s s u re ,  d = gap le n g th ) .
The case  o f  e le c t r o n - a t t a c h in g  g ases  i s  l e s s  s im p le ;
i t  i s  a g a in  u su a l to  p lo t  lo g ^ i  a g a in s t  d , th e  v a lu e s  o f a and t]
b e in g  found  by a p ro c e ss  o f  c u r v e - f i t t i n g ,  u s in g  e q u a tio n  ( l l ) ,
( 13)I n  t h i s  way, P ra sa d  and Graggs have m easured T\ and a in  d ry  
a i r  o v er th e  range  25 ^ ^  ^ 45 V cm  ^ (mm Hg)  ^ w ith  p d -v a lu e s  
up to  200 mm Hg cm, D u tton  e t  a l^^^^  r e p o r t  s im i la r  m easure­
m en ts , e x te n d in g  th e  range  to  cover th e  case  o f  breakdown a t  pd 
v a lu e s  o f up to  2020 mm Hg cm (and  sp a rk in g  p o t e n t i a l s  o f up to  
71 kV ); i n  th e se  l a t t e r  m easurem ents, th e  o ccu rren ce  o f  a 
secondary  mechanièm was a p p a re n t (e q u a tio n  ( 1 2 ) ) ,
P ra sa d  and Graggs have c a r r i e d  o u t m easurem ents o f  t h i s
k in d  in  humid a i r ^ ^ i n  th e  range  30 < ^  < 40 V cm  ^ (mm Hg) *
w ith  w a te r  vapour p a r t i a l  p re s s u re s  o f  2 ,5  to  15 mm Hg and t o t a l
p re s s u re s  o f 150 to  300 mm Hg. a and r\ were m easured from  lo g ^ i ,
d p lo ts  and v a lu e s  o f  Y were e s t im a te d  by  m easuring  sp a rk in g
p o te n t i a l s  and a p p ly in g  th e  breakdown c r i t e r i o n ,  e q u a tio n  ( 13 ) .
The a ttac h m en t c o e f f i c i e n t  r\ showed a marked in c re a s e  o v e r th e
v a lu es  o b ta in e d  in  d ry  a i r ,  w h ile  y  was much s m a lle r .  Meek 
( 16 )suggests^   ^ t h a t  th e  l a t t e r  e f f e c t  may be due to  th e  a b s o rp t io n  
o f pho tons by  th e  w a te r v ap o u r.
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(11 )Schlumbohin  ^ has c a lc u la te d  lo g  i ,  d cu rv e s  on th ee
b a s i s  o f e q u a tio n  (14) and f in d s  t h a t  th e se  b e a r  a  s tro n g  
resem blence  to  cu rv es  c a lc u la te d  from  e q u a tio n  ( 1 1 ) .  He concludes 
t h a t  experim en ts o f th e  k in d  j u s t  d e s c r ib e d  f a i l  to  in d ic a te  
w hether o r n o t e le c t r o n  detachm ent o c c u rs , and t h a t  th e  a p p l ic a t io n  
o f  e q u a tio n  (11) in  th e  c u r v e - f i t t i n g  i s  j u s t i f i e d  o n ly  i f  o th e r  
experim en ts show c o n c lu s iv e ly  t h a t  de tachm ent does n o t o c c u r .
Some e x p e rim e n ta l r e s u l t s  o b ta in e d  in  a i r ^ ^ ^ ) ( l ^ )  (gee  below . 
S ec tio n  1 ,4 )  have been i n te r p r e t e d  a s  in d ic a t in g  t h a t  de tachm ent 
does in  f a c t  tak e  p lac e  in  t h a t  gas*
—  16 —
1 ,2  E x p erim en ta l O b serv a tio n  o f  I n d iv id u a l  A valanches
W hile a g r e a t  d e a l has been  le a rn e d  from  experim en ts 
o f  th e  k in d  d e s c r ib e d  in  th e  p re c e d in g  s e c t io n ,  in v o lv in g  m easure­
ment o f th e  av erag e  c u r r e n ts  r e s u l t i n g  from  th e  occu rrence  o f  
la rg e  numbers o f a v a la n c h e s , i t  i s  c l e a r l y  d e s i r a b le  to  c a r ry  o u t 
ex p erim en ta l s tu d ie s  o f  in d iv id u a l  a v a la n c h e s , where p o s s ib le .  
Such experim en ts can y i e ld  q u a n t i t a t iv e  d a ta ,  as w e ll  a s  
d em o n stra tin g  g r a p h ic a l ly  th e  soundness o f  th e  id e a s  on w hich th e  
Townsend th e o ry  i s  b a se d .
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1 .2 ,1  The oloud-cham ber method
A cloud-cham ber may be used  to  observe  th e  io n  c louds 
form ed in  in d iv id u a l  a v a la n c h e s . The method was f i r s t  u sed  by
R a e th e r ; a u s e fu l  c r i t i c a l  su rvey  o f  th e  e a r ly  work i s  g iv en  by
;s o f  
(20)
(19)
L oeb ' More r e c e n t ly ,  experim en ts a s im i la r  n a tu re  have
been  c a r r i e d  o u t by A lle n  and P h i l ip s
The tech n iq u e  in v o lv e s  the  a d d i t io n  o f  condensab le  
vapours (w a te r  and a lc o h o l)  to  th e  e x p e rim e n ta l g a s , and so 
p re c lu d e s  the  use o f  pu re  g a se s .
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1*2*2 The e l e c t r i c a l  method
T h is  method c o n s is t s  i n  d e te c t in g  th e  c u r r e n t  p u lse  
p roduced  in  th e  e x te r n a l  c i r c u i t  by  th e  passage  o f an avalanche 
a c ro s s  th e  d isc h a rg e  gap* In  a  gas w hich does n o t form n e g a tiv e  
i o n s ,  th e  c u r r e n t  p u lse  has two com ponents: an e le c t r o n  component,
b e in g  a r i s i n g  c u r r e n t  o f p e rh ap s 10~^ s e c . d u ra t io n ,  due to  th e  
e le c t r o n s  c ro s s in g  the  gap to  form  th e  a v a la n c h e , and a p o s i t iv e  
io n  component o f pe rhaps 10  ^ s e c . d u r a t io n ,  due to  th e  p o s i t iv e  
io n s  d r i f t i n g  tow ards th e  ca th o d e , where th e y  a re  n e u t r a l i z e d .
(The f ig u r e s  g iven  here  a re  o f  th e  o rd e r  o f  m agnitude to  be ex p ec ted  
in  a 1 cm gap i n  most g a s e s ) .  In  e le c t ro n e g a t iv e  g a s e s , a n e g a tiv e  
io n  component may a ls o  be d e te c te d .
P u lse s  o f  t h i s  n a tu r e ,  o c c u rr in g  in  the r a d i a l  e l e c t r i c
f i e l d  betw een two c o a x ia l  c o n d u c to rs , form  th e  b a s i s  o f p ro p o r t io n a l  
(21 )c o u n te r  a c t io n  , b u t the  i n t e r p r e t a t i o n  o f  c u r re n t  p u lse  shape 
i s  g r e a t ly  s im p li f ie d  by the  use o f  un ifo rm  e l e c t r i c  f i e l d s .  
Sohm idt^^) has c a lc u la te d  t h e o r e t i c a l  c u r r e n t  p u lse  shapes fo r  th e  
l a t t e r  c a s e ,  and g iv es  ex p e rim e n ta l r e s u l t s  in  su p p o rt o f  th e se  
c a l c u l a t i o n s .  The th e o ry  o f  c u r r e n t  p u lse  shape f o r  un iform  
e l e c t r i c  f i e l d s  i s  d is c u s se d  in  S e c tio n  2 , below .
( 22)W orking on p a r a l l e l - p l a t e  c o u n te r s ,  P idd  and Madansky 
observed  p u ls e s  w ith  am p litu d es o f  th e  o rd e r  o f m i l l i v o l t s  w hich were
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presum ably  th e  r e s u l t  of u n ifo rm - f ie ld  avalanche  c u r r e n t  p u ls e s ;  
in  th o se  e x p e rim e n ts , however, th e y  were sp u r io u s  p u l s e s ,  and  
were n o t  s tu d ie d  in  d e t a i l .  L a te r ,  Schm idt u sed  a p a r a l l e l - p l a t e  
c o u n te r  to  s tu d y  th e s e  p u ls e s  in  o rg an ic  vapours^^^ and in
( 23)vap o u r-g as  m ix tu r e s ' \  The re a so n  fo r  the  use o f o rg an ic  vapours 
i s  t h a t  th e y  g iv e  a low value  o f secondary  c o e f f i c i e n t  y  a s  a 
r e s u l t  o f  t h e i r  c a p a c i ty  fo r  p r e - d i s s o c i a t i o n ^ -  too  h ig h  a 
va lue  of y  cau ses th e  gap to  b re a k  down b e fo re  th e  avalanche 
c a rr ie r -n u m b e r  has become s u f f i c i e n t l y  la r g e  f o r  th e  c u r r e n t  p u ls e s  
o f in d iv id u a l  a v a lan c h es  to  be d e te c ta b le .
An im p o rta n t f e a tu r e  o f t h i s  k in d  o f experim en t i s  t h a t  
secondary  e f f e c t s  can  be d is t in g u is h e d :  a  secondary  avalanche
b ro u g h t abou t by p o s i t iv e  io n  bombardment o f th e  cathode g iv e s  
r i s e  to  a c u r r e n t  p u lse  whose f r o n t  o ccu rs  n e a r th e  end o f  th e  
p re c e d in g  p u ls e ,  s in c e  th e  r a t e  a t  which p o s i t iv e  io n s  f a l l  on the  
cathode i s  g r e a te s t  a t  th e  end o f the  p o s i t iv e  io n  t r a n s i t - t im e  ; 
a  secondary  av a lan ch e  due to  a p h o to - e le c t r i c  p ro c e s s ,  on th e  o th e r  
hand, s t a r t s  b e fo re  th e  p o s i t iv e  io n s  o f the  p re c e d in g  avalanche  
have moved a p p re c ia b ly  from t h e i r  p o s i t io n  o f fo rm a tio n , and t h i s  
secondary  p ro c e ss  i s  re v e a le d  as a " s te p "  on th e  p u lse  f r o n t .
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1.2*3 The o p t ic a l  method
D uring th e  o ccu rrenoe  o f an e le c t r o n  a v a la n c h e , a number 
o f th e  gas m o lecu les  w i l l  be r a i s e d  to  an e x c i te d  s t a t e  by e le c t r o n  
c o l l i s i o n ,  and w i l l  r a d i a t e  t h e i r  ex cess  energy  a f t e r  a v e ry  s h o r t  
tim e (*0.01 p aec ) -  t h i s  r a d i a t i o n  has a lr e a d y  been  m entioned  as a 
source o f secondary  e le c t r o n s .  D e te c tio n  o f such r a d ia t io n  by 
means o f  a p h o to m u lt ip l ie r  p ro v id e s  a  t h i r d  method o f in v e s t ig a t in g  
in d iv id u a l  a v a la n c h e s .
I r r a d i a t i o n  o f  th e  d isc h a rg e  gap w ith  u l t r a - v i o l e t  l i g h t  
i s  im p ra c tic a b le  in  such e x p e rim e n ts , due to  th e  la rg e  amount o f 
l i g h t  r e f l e c t e d  from  th e  cathode s u r f a c e ,  and o th e r  s u r f a c e s ,  on to  
th e  p h o to m u lt ip l ie r ;  a  r a d io a c t iv e  a g e n t p ro v id e s  a u s e f u l  source  
o f p rim ary  e le c t ro n s  in  t h i s  c a s e .
( 25)L eg ler^  ^  h as  in v e s t ig a te d  th e  r a d i a t i o n  from  a v a la n c h e s , 
u s in g  a i r  a s  th e  e x p e rim e n ta l g a s ,  and D ibbern^^^^ h as a p p lie d  t h i s  
method in  ex p erim en ts  in  methane and n i tro g e n ,  a s  w e ll  a s  a n i t r o g e n /  
carbon d io x id e  m ix tu re . T h e ir  r e s u l t s  a re  d is c u s s e d  f u r t h e r ,  
below .
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1 .3  S t a t i s t i c a l  E f fe c t s  and the Streamer Theory
When pre-breakdow n p ro c e sse s  a re  to  be viewed in  term s 
o f  in d iv id u a l  a v a la n c h e s , i t  becomes u s e fu l  to  re g a rd  th e  
c o e f f i c i e n t s  (ce, y , T], in tro d u c e d  in  S e c tio n  1,1 a s  p r o b a b i l i ty  
v a lu e  s .
C onsider f i r s t  th e  secondary  c o e f f i c i e n t  Y, d e f in e d  
above a s  th e  number o f secondary  e le c t ro n s  r e le a s e d  p e r  io n iz in g  
c o l l i s i o n  in  th e  gap; i t  i s  l e s s  th an  u n i ty ,  and must be an average 
v a lue  tak e n  over a la rg e  number o f c o l l i s i o n s  (an d , o f  c o u rs e , over 
an i n t e g r a l  number o f secondary  e le c t r o n s )  -  i n  term s o f in d iv id u a l  
e v e n ts ,  Y i s  to  be in te r p r e te d  a s  th e  p r o b a b i l i t y  t h a t  a  secondary  
e le c t ro n  w i l l  be produced as  th e  r e s u l t  o f  an io n iz in g  c o l l i s i o n .
I t  i s  u s e fu l  to  d e f in e  a q u a n ti ty  f  = Y w hich i s  th e
p r o b a b i l i ty  t h a t  a secondary  e le c t r o n  w i l l  be p roduced a s  th e  r e s u l t  
o f  an avalanche o f  e^^ e le c t r o n s .  (A s im i la r  argum ent a p p lie s  in  
the  case o f e le c tro n e g a t iv e  g a s e s ) .  When T i s  u n i ty ,  th e  d isc h a rg e  
i s  s e l f - s u s t a i n i n g ,  and th e  breakdown c r i t e r i o n  (e q u a tio n  ( ? ) )  i s  
s a t i s f i e d .  Thus, in  th e  pre-breakdow n r e g io n ,  T m ust be f r a c t i o n a l ,  
w h ile  th e  number o f secondary  e le c t r o n s  r e s u l t i n g  from  an in d iv id u a l
p rim ary  avalanche  may have any o f th e  v a lu e s  0 , 1 , 2 , 3 ............
S ince a secondary  avalanche has i t s e l f  a  f i n i t e  p r o b a b i l i ty  o f 
p roducing  a f u r th e r  av a lan c h e , "ch a in s"  o f av a lan ch es  may be form ed,
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th e  c h a in  b re a k in g  o f f  whenever one o f  i t s  component av a lan ch es  
chances to  produce no secondary  e le c tro n *  These c h a in s  have 
been  o bserved  e x p e r im e n ta lly  -  f o r  exam ple, in  th e  work o f
( 2 3 ) ( 2 5 )S chm id t'  ^ and L e g le r   ^  ^ a l r e a d y  m entioned -  a t  v o lta g e s  
below  th e  breakdown v a lu e .
R egard ing  th e  p ro c e ss  o f  avalanche  fo rm a tio n  in  term s 
o f  in d iv id u a l  c o l l i s i o n s ,  one may d e fin e  a ^see e q u a tio n  (1  as 
th e  p r o b a b i l i ty  t h a t  an e le c t r o n  w i l l  s u f f e r  an io n iz in g  c o l l i s i o n
( 2 7 )in  t r a v e l l i n g  u n i t  d is ta n c e  tow ards the  anode; i t  fo llow s^  '  
from  t h i s  d e f i n i t i o n  t h a t  th e  avalanche  c a rr ie r -n u m b e r  i s  n o t 
c o n s ta n t  under f ix e d  c o n d it io n s ,  b u t  v a r ie s  s t a t i s t i c a l l y  from one 
avalanche  to  a n o th e r . S ince th e  am plitude  o f  th e  c u r r e n t  p u lse  
o f an avalanche  i s  p ro p o r t io n a l  to  i t s  c a r r ie r -n u m b e r , i t  i s  
p o s s ib le  to  in v e s t ig a te  t h i s  s t a t i s t i c a l  e f f e c t ,  such experim en ts
hav ing  been  c a r r i e d  o u t in  a p ro p o r t io n a l  c o u n te r  by C u rran ,
( 27)
C ockro ft and A n g u s . In  th e  case  o f  a uniform  e l e c t r i c
f i e l d ,  f o r  g a ses  in  w hich n e g a tiv e  io n s  a re  n o t form ed, Wijsman 
has c a lc u la te d  th e  p r o b a b i l i ty  p (n ,d )  t h a t  a s in g le  e le c t r o n  
s t a r t i n g  a t  th e  ca thode  w i l l  produce an avalanche  o f  n e le c tro n s  
in  t r a v e l l i n g  a d is ta n c e  d to  th e  anode. The r e s u l t  i s
p (n ,d )  = =  . . . ( 1 5 )
f o r  n »  1 
Eand -  » V .OL 1
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Here n i s  the  average  c a rr ie r-n u m b e r e , a s  c a lc u la te d  from  (x 
m easured a cc o rd in g  to  S e c tio n  1 * 1 .3 , above. E i s  a g a in  th e  
e l e c t r i c  f i e l d  s t r e n g th ,  and th e  minimum io n iz a t io n  p o t e n t i a l  
o f  th e  g as; th e  l a t t e r  in e q u a l i ty  r e s u l t s  from  th e  c o n d it io n  
t h a t  an e le c t r o n ’ s p r o b a b i l i ty  o f  io n iz in g  m ust be in d ep en d en t o f  
th e  d is ta n c e  t r a v e l l e d  s in ce  i t s  l a s t  io n iz in g  c o l l i s i o n ,  i n  o rd e r
( 2 9 )f o r  th e  th e o ry  to  be valid '*  \  I f  a  la rg e  number o f  a v a lan c h es  
a re  m easured , e q u a tio n  ( 1 5 ) e x p re sse s  th e  t h e o r e t i c a l  f re q u e n c y  
d i s t r i b u t i o n  o f c a r r ie r -n u m b e rs .
T h is d i s t r i b u t i o n  has been  v e r i f i e d  by Froimnhold, i n  
experim en ts in  e th y l  a lc o h o l and m e t h a n e ^  o v er th e  range
< n < lO n, w ith  n o f th e  o rd e r  o f 10^. Frommhold a ls o  found^^^^
t h a t  th e  same d i s t r i b u t i o n  a p p l ie s  in  the  e le c t ro n e g a t iv e  g ases  
oxygen and d ry  a i r  w ith
:  •  ( w f n  ) '
A th e o r e t i c a l  d e r iv a t io n  o f t h i s  r e l a t i o n  has s in c e  been  g iv e n  by
( 3 2 )L eg ler^  \  In  Frommhold’ s experim en ts i n  d ry  a i r ,  ih e  
d i s t r i b u t i o n  was m o d ifie d , f o r  n ^ 8  x 10^, by th e  o ccu rren c e  o f  a
secondary  p ro c e ss  ( y ^  0 .2 ) .
E xperim ents o f a s im ila r  n a tu re  have been  c a r r i e d  o u t in
( 3 3 )m e th y la l by Schlumbohm' , w ith  a view to  i n v e s t ig a t in g  av a lan ch es
— 2if —
o f  la r g e  c a r r ie r -n u m b e r . I t  was found  th a t  th e  above d i s t r i b u t i o n ,  
e q u a tio n  ( I 5 ) ,  o b ta in e d  f o r  v a lu e s  o f n up to  a b o u t 5 x 10* -  f o r  
l a r g e r  v a lu e s  o f  n ,  a g r e a te r  number o f sm a ll p u ls e s  o c c u rre d  a t  
th e  expense o f  th e  l a r g e r  p u l s e s ,  up to  th e  maximum v a lu e  o f  n , 
which was ab o u t 1*2 x 10®, T h is  tendency  tow ards sm a lle r  p u lse s  
was a t t r i b u t e d  to  d i s t o r t i o n  o f  th e  e l e c t r i c  f i e l d  by  th e  sp a c e -  
charge o f  th e  a v a la n c h e , le a d in g  to  a sm a lle r  e f f e c t iv e  v a lu e  o f a .
I n  ex p erim en ts  i n  m ethane, Frommhold^^^^ found  a 
s i g n i f i c a n t  in c re a s e  in  th e  t im e -c o n s ta n t  o f grow th o f  th e  e le c t r o n  
component o f th e  c u r r e n t  p u lse s  f o r  n ^ 10*, in d ic a t in g  a re d u c t io n  
in  th e  e f f e c t iv e  v a lu e  o f  a; t h i s  was a g a in  a t t r i b u t e d  to  sp a ce - 
charge  d i s t o r t i o n  o f  th e  e l e c t r i c  f i e l d .
A s im i la r  in c re a s e  in  e le c t r o n  component t im e -c o n s ta n t ,
bern  
( 26)
f o r  n ^ 1 0 * ,  was re c o rd ed  by D ib r , u s in g  an o p t ic a l  m ethod, w ith
m eth an e  as  th e  ex p e rim e n ta l gas
D e v ia tio n s  from th e  norm al f o r  av a lan ch es  o f  more th a n  
10* e le c t r o n s  have been found a ls o  by R i c h t e r i n  ex p erim en ts  
in  e th e r ,  where th e  e f f e c t s  were d e te c te d  a s  changes i n  th e  shape 
( e f f e c t iv e  v a lu e  o f  see S e c tio n  2 .1 .1 .3 )  o f  the o bserved  
c u r r e n t  p u ls e s .  A re d u c tio n  in  th e  e f f e c t iv e  v a lu e  o f  a was 
in d ic a te d  f o r  10* < n < 10®, i n  acco rd  w ith  the  o th e r  r e s u l t s  
m entioned above, w h ile  f o r  n > 10®, a e f f e c t i v e l y  in c re a s e d ,  and
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th e  d i s t r i b u t i o n  o f  c a rr ie r -n u m b e rs  showed a p reponderance  o f 
av a lan ch es w ith  la rg e  c a rr ie r -n u m b e r . T h is  tendency  f o r  la rg e  
av a lan ch es  to  grow more r a p id ly  th a n  sm a lle r  ones may a g a in  be 
due to  sp ace -ch a rg e  d i s t o r t i o n ,  a s  R ae th e r p o in ts  o u t^ ^ ^ ^ , a lth o u g h  
R ic h te r  o r ig in a l ly  su g g e s te d  t h a t  i t  m igh t r e s u l t  from  th e  
p ro d u c tio n  o f f r e e  e le c t ro n s  by p h o to io n iz a t io n  o f th e  g a s , w ith  
th e  consequen t fo rm a tio n  o f a d d i t io n a l  (sm a ll)  av a lan ch es  a s  th e  
p h o to e le c tro n s  t r a v e l l e d  tow ards th e  head o f  th e  main a v a la n c h e , 
under th e  in f lu e n c e  o f the  s p a c e - c h a r g e - d is to r te d  e l e c t r i c  f i e l d .
The l a t t e r  mechanism i s  t h a t  o f  th e  "s trea m er"  o r  
"k an a l"  t h e o r y ^ w h i c h  was o r ig in a l ly  p u t  fo rw ard  b e fo re  any 
u n ifo rm -f ie ld  c u r r e n t  p u lse  experim en ts had been  r e p o r te d ,  i n  an 
a tte m p t to  e x p la in  breakdown where no secondary  c o e f f i c i e n t  had 
been d e te c te d  in  experim en ts o f th e  k in d  in d ic a te d  in  S e c tio n  1 .1 ,5 ,  
above. In  t h i s  l a t t e r  c a s e ,  i t  was assumed t h a t  the  p ro c e ss  
r e s u l te d  in  th e  r a p id  fo rm a tio n  o f  a co n d u c tin g  channel a c ro ss  th e  
gap, a long  which la rg e  c u r re n ts  co u ld  p a s s ,  i . e .  a long  w hich th e  
sp a rk  o c c u rre d .
In  o b se rv a tio n s  o f th e  c u r r e n t  p u ls e s  o f  a v a lan c h es  w ith  
n >10®,  in  e th e r  and in  m e th y la l, Pfaue and R a e t h e r ^ f o u n d  
th a t  the e le c t r o n  component was som etim es fo llo w ed  by a r a p id  
r i s e  o f c u rre n t,.an d  breakdown. T h is r i s i n g  c u r r e n t  d id  n o t show
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th e  " s te p s "  c h a r a c t e r i s t i e  o f  a s e r i e s  o f av a lan ch es p roduced  hy 
a p h o to e le c t r ic  secondary  p ro c e s s ,  and i t s  t im e -c o n s ta n t  o f  
in c re a s e  was d i f f e r e n t  from  th a t  o f  the  e le c t r o n  com ponents; i t  
was i n te r p r e t e d  a s  a s tre a m e r breakdown.
( 39)R ic h te r ' h as  c a r r ie d  o u t  an ex p e rim e n ta l in v e s t ig a t io n  
o f  th e  p r o b a b i l i ty  o f  t h i s  s o - c a l le d  s tre am er fo rm a tio n  in  e th e r ;  
th e  p r o b a b i l i ty  i s  zero  f o r  a v a lan ch es  o f  c a rr ie r -n u m b e r  l e s s  th a n  
a  c r i t i c a l  v a lu e , and in c re a s e s  w ith  c a rr ie r-n u m b e r f o r  v a lu e s  above 
th e  c r i t i c a l ;  t h i s  c r i t i c a l  v a lu e  i s  d e c rea se d  by  in c re a s in g  th e  
a p p lie d  e l e c t r i c  f i e l d .  These r e s u l t s  a re  in  q u a l i t a t iv e  agreem ent 
w ith  th e  o r ig in a l  s tre a m e r th e o ry .
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1 ,4  P u lse  E xperim en ts in  N itro g en  and A ir
As p re v io u s ly  m en tioned , L eg le r  has a p p lie d  th e  o p t ic a l  
( 25)
method to  d ry  a i r '  , A 2 cm gap was u se d , over th e  p re s s u re  
range 10 to  60 imn Hg; th e  a p p a ra tu s  was n o t s u f f i c i e n t l y  s e n s i t iv e  
to  d e te c t  in d iv id u a l  av a lan ch es  w ith o u t th e  in te r v e n t io n  o f  a 
secondary  p ro c e s s ,  h u t  " ch a in s"  o f a v a la n c h e s , p roduced h y  a  pho to ­
e l e c t r i c  secondary  mechanism, were re c o rd e d  when the  gap v o lta g e  
was c lo s e  to  breakdown v a lu e .
O b se rv a tio n s  o f  avalanche c u r r e n t  p u lse s  i n  n i t ro g e n  
and d ry  a i r ,  a s  w e ll  a s  oxygen, have been  r e p o r te d  by Vogel and 
R a e t h e r ^ a n d  by V ogel^^^. C a rrie r-n u m b ers  were o f th e  o rd e r  
o f 10*, w ith  gas p re s s u re s  o f 100 to  500 mm Hg. Two o f  t h e i r  
r e s u l t s  w i l l  be n o ted  h e re ;  f i r s t l y ,  t h a t  th e  p ro d u c tio n  o f  
secondary  e le c t r o n s  in  n i tro g e n  was due m ain ly  to  a p h o to e le c t r ic  
e f f e c t ,  some p o s i t iv e  io n  e f f e c t  a ls o  b e in g  o b se rv ed , w h ile  in  a i r  
on ly  th e  p h o to e le c t r ic  e f f e c t  was o b se rv ed ; se co n d ly , t h a t  th e  
r i s e - t im e  o f  th e  c u r r e n t  p u lse s  in  b o th  n i tro g e n  and d ry  a i r  was 
anom alously g r e a t ,  a lth o u g h  c o n s is te n t  from  one p u lse  to  th e  n ex t 
( “ 5?0> and was reduced  to  th e  ex p ec ted  o rd e r  o f  m agnitude by  th e  
a d d it io n  o f  a sm all q u a n t i ty  o f methane to  th e  e x p e rim e n ta l g a s .
Frommhold has c a r r ie d  o u t somewhat s im i la r  experim ents^  
w ith  av a lan ch es  o f  c a rr ie r-n u m b e rs  o f th e  o rd e r  o f 10^, u s in g  the 
r a d ia t io n  from  a sp a rk  in  an a u x i l i a r y  gap to  r e le a s e  ab o u t 10“*
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e le c t r o n s  p r a c t i c a l l y  s im u lta n e o u s ly  a t  th e  cathode o f  th e  main 
gap. (The method i s  th e r e fo re  s im i la r  to  t h a t  used  by  Hornbeck 
a t  low p r e s s u r e s ^ ^ ^ \  The r i s e - t im e  o f  th e  c u r r e n t  p u ls e s  in  
n i t r o g e n ,  in  th e  p re s s u re  range 10 to  500 mm Hg, was in  agreem ent 
w ith  th e  v a lu e  in d ic a te d  by th e o ry ,  w hile  th e  ex tended  r i s e - t im e  
was a g a in  found in  d ry  a i r ,  over th e  p re s su re  range  10 to  200 mm Hg. 
Frommhold su g g es ts  t h a t  V ogel’ s p u ls e s  in  n i tro g e n  were n o t th e  
r e s u l t s  o f in d iv id u a l  a v a la n c h e s , b u t  o f  c h a in s  o f  av a lan ch es  
produced by  a p h o to - e le c t r i c  secondary  mechanism; t h i s  su g g e s tio n  
i s  su p p o rted  by th e  f a c t  t h a t , i n  n i t ro g e n ,  Frommhold found a mean 
gas a m p l i f ic a t io n  o f  on ly  10^ a t  breakdow n, under th e  same c o n d it io n s  
as o b ta in e d  in  V ogel’ s ex p e rim e n ts , and indeed  in  the  same a p p a ra tu s ,
( 26 )D ib b e rn ' u s in g  th e  o p t ic a l  method to  m easure th e  
r a t e  o f avalanche g row th  in  n i t r o g e n ,  w ith  c a rr ie r -n u m b e rs  o f  th e  
o rd e r  o f  10^, a ls o  found  th e  "norm al" grow th in  t h a t  g a s ,
( 17 )SchrSder  ^ has a p p lie d  th e  o p t ic a l  method to  th e  c a se  
o f  room a i r ,  u s in g  gaps o f 2 ,5  to  9 cm. He found  t h a t  th e  r a t e  o f 
avalanche growth was n o t anom alously  low , a s  in  th e  case  o f  d ry  a i r ,  
and t h a t  an ava lanche  was sometimes fo llo w ed  by one o r  more p h o to ­
e l e c t r i c  se c o n d a rie s  a t  r e g u la r  i n t e r v a l s  o f  th e  o rd e r  o f  10  ^ s e c .
I n  a d d i t io n ,  he found  t h a t ,  a f t e r  th e  o ccu rren ce  o f  a  s u f f i c i e n t l y  
la r g e  a v a lan c h e , an " a f t e r - c u r r e n t "  was d e te c te d  by th e  p h o to -
— 29 “
m u l t i p l i e r :  i t  co u ld  n o t be due sim p ly  to  io n  m o tion , as t h i s
i s  n o t d e te c te d  by  the  o p t i c a l  m ethod, and S chrbder su g g e s ts  t h a t  
i t  was b ro u g h t about by th e  o ccu rren ce  o f  f u r t h e r  a v a lan ch es  
i n i t i a t e d  by e le c t r o n s  d e tach ed  from u n s ta b le  n e g a tiv e  io n s ;  th e  
form  o f  th e  a f t e r - c u r r e n t  was c l e a r l y  d is t in g u is h a b le  from  t h a t  o f  
th e  c u r r e n t  p roduced by a secondary  p ro c e s s .  In  some c a s e s ,  th e  
a f t e r - c u r r e n t  f e l l  to  zero  a f t e r  a  number o f m ic ro seco n d s, w h ile  
in  o th e rs  i t  ro se  to  a h ig h  v a lu e ,  and breakdown ensued . The 
l a t t e r  phenomenon was i n te r p r e te d  a s  a  m o d ified  s tre am er breakdow n, 
in  which the h ig h  sp ace -ch a rg e  c o n c e n tra t io n  r e q u ire d  f o r  t h i s  
mechanism was n o t p ro v id ed  by th e  p rim ary  avalanche i t s e l f ,  b u t  
by th e  av a lan ch es  c o n s t i t u t in g  th e  a f t e r - c u r r e n t .  T h is  was found 
to  be  th e  norm al breakdown mechanism in  n o n - i r r a d ia te d  gaps lo n g e r  
th a n  5 cm, w h ile  a  Townsend mechanism, in v o lv in g  a p h o to - e le c t r i c  
secondary  p ro c e s s ,  was o p e ra tiv e  i n  s h o r te r  gaps.
In  experim en ts c a r r i e d  o u t by  Schlumbohm^^ , a  sm all 
c e n t r a l  p o r t io n  o f th e  anode was in s u la t e d  from  th e  rem a in d e r , 
(D iam eter o f in n e r  p o r t io n  0 ,6 4  cm, maximum d iam ete r o f anode 
12 cm, e le c tro d e  sp ac in g  2 cm). o - p a r t i c l e s  from  a polonium  
source  e n te re d  th e  d isc h a rg e  gap th ro u g h  a sm all h o le  d r i l l e d  
a x i a l l y  in  the  c e n t r a l  p o r t io n  of the  anode , p ro d u c in g  a la r g e  
number o f p rim ary  e le c t r o n s  a lo n g  th e  a x is  o f th e  gap. The c u r r e n ts
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f lo w in g  to  th e  two se p a ra te  p a r t s  o f the  anode were re c o rd e d  
s im u lta n e o u s ly  on a double-heam  o s c i l lo g ra p h .  In  n i t r o g e n ,  a s  
e x p e c te d , p h o to - e le c t r i c  secondary  av a lan ch es  were r e c o rd e d , 
o c c u rr in g  a t  an i n t e r v a l  c o rre sp o n d in g  w ith  ih e  e le c t r o n  t r a n s i t  
t im e , and th e  c u r r e n t  p roduced  by  th e se  secondary  av a lan ch es  was 
n o t c o n fin e d  to  th e  c e n t r a l  r e g io n  o f th e  gap. I n  d ry  a i r ,  th e  
anom alously long  r i s e - t im e  o f  th e  c u r r e n t  p u ls e s  was a g a in  re c o rd e d , 
and i t  was found t h a t  th e  c u rre n t  flow  d u rin g  t h i s  tim e was 
c o n fin e d  to  the  c e n t r a l  r e g io n  o f  th e  gap . A f te r - c u r r e n ts  were 
a ls o  d e te c te d  in  d ry  a i r ,  s im ila r  in  n a tu re  to  th o se  r e p o r te d  by
( 1 7 )S c h rb d e r '  ^ in  room a i r ,  and th e se  too flow ed e n t i r e l y  w i th in  th e  
c e n t r a l  r e g io n  o f th e  gap; t h i s  l a t t e r  r e s u l t  i s  i n  acco rd  w ith  
th e  su g g e s tio n  th a t  th e  a f t e r - c u r r e n t  r e s u l t s  from  th e  detachm ent 
o f e le c t r o n s  from  n e g a tiv e  io n s  p roduced in  th e  i n i t i a l  av a lan ch e .
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1 ,5  The P re s e n t Work
The experim en ts r e p o r te d  in  the  p re s e n t  t h e s i s  were
c a r r ie d  o u t d u rin g  th e  p e r io d  1957-1960, They were th e r e f o re
p receded  by th e  work o f  L eg le r^ ^ ^ ^ , o f Vogel and R a e t h e r ^ ,
(8)and o f Vogel , and were ap p ro x im ate ly  s im u ltan eo u s w ith  
Frommhold’ s^^^^ e x p e rim e n ts , the  r e s u l t s  o f  w hich were p u b lis h e d  
tow ards th e  end o f I9 6 0 , The o th e r  e x p e rim e n ta l work d e s c r ib e d  
in  S e c tio n  1 ,4  was c a r r i e d  o u t l a t e r  th a n  ih e  ex p erim en ts  r e p o r te d  
h e re .
The p re s e n t  e x p e rim e n ta l work f a l l s  in to  two p a r t s ;
( i )  S im ultaneous a p p l ic a t io n  o f the e l e c t r i c a l  and o p t i c a l  
methods (S e c tio n s  1 ,2 ,2  and 1 ,2 ,5 ,  above) to  observe  th e  c u r r e n t  
and l i g h t  p u lse s  produced by e le c t r o n  av a lan ch es  in  room a i r ,  i n  
u n ifo rm -f ie ld  gaps o f  1 cm to  4 cm, and ( in  l e s s  d e t a i l )  under 
non-uniform  f i e l d  c o n d it io n s ,
( i i )  A more d e ta i l e d  s tu d y  o f  c u r r e n t  p u ls e s  o n ly , in  
n i t ro g e n ,  d ry  a i r ,  and humid a i r ,  a t  p re s s u re s  o f  ap p ro x im ate ly  
100 mm Hg to  700 mm Hg and w ith  gap le n g th s  o f 1 cm, 2 cm and 
5 cm (un ifo rm  f i e l d  o n ly ) .
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2 , THEORY OF CURRENT PULSE SHAPE
T h is  s e c t io n  p re s e n ts  th e  th e o ry  r e l a t i n g  th e  shape o f 
th e  o b se rv ed  c u r r e n t  p u ls e s  (se e  p . 18 , above) to  th e  avalanche  
p ro c e s s e s ,  and in d ic a te s  how m easurem ents from  th e  ob serv ed  p u lse s  
can y i e l d  q u a n t i t a t iv e  d a ta  on th e se  p ro c e s s e s . I n  S e c tio n  2 ,1 , 
th e  c i r c u i t  c o n ta in in g  the  d isc h a rg e  gap i s  assumed to  have zero  
in d u c ta n c e , and th e  th e o ry  i s  developed  s e p a ra te ly  f o r  g a se s  in  
which n e g a tiv e  io n s  a re  n o t form ed and f o r  g ases  in  w hich n e g a tiv e  
io n s  a re  form ed by e le c t r o n  a ttac h m en t. The th e o ry  o f  th e se  
s e c t io n s  i s  s im ila r  to  p re v io u s  work by Schm idt^^^ and V bgel^^^, 
w ith  the  d i f f e r e n c e s  t h a t  th e  work has b een  ex tended  to  cover 
th e  case  o f av a lan ch es i n i t i a t e d  p a rt-w a y  a c ro s s  th e  g ap , a s  may 
occur w ith  some ty p es  o f  i r r a d i a t i o n ,  and t h a t  i t  has n o t been  
assumed h ere  t h a t  th e  p o s i t iv e  and n e g a tiv e  io n s  have e q u a l d r i f t  
v e l o c i t i e s .  S e c tio n  2 ,2  c o n s id e rs  th e  e f f e c t  o f in d u c tan c e  i n  th e  
c i r c u i t  c o n ta in in g  th e  d isc h a rg e  gap; t h i s  m ight be e x p ec te d  to  
become im p o rtan t in  system s o f la rg e  p h y s ic a l  s i z e ,  f o r  example 
in  ex p erim en ts  u s in g  v e ry  h ig h  v o l ta g e s .
The c o n te n ts  o f t h i s  s e c t io n ,  w ith  s l i g h t  m o d if ic a t io n , 
have been  su b m itted  f o r  p u b l ic a t io n .
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A d isc h a rg e  gap in e v i ta b ly  has some c a p a c ita n c e  C, and 
in  avalanche  p u lse  ex p erim en ts  i s  p la c e d  in  s e r i e s  w ith  a  
r e s i s ta n c e  R , a c ro ss  w hich an o s c i l lo g ra p h  i s  co nnec ted  to  d e te c t  
th e  p u ls e s .  F ig u re  1 shows th e  e q u iv a le n t  c i r c u i t  o f  th e  a r ra n g e ­
m ent, w ith  th e  in d u c tan c e  o f  th e  c i r c u i t  r e p re s e n te d  by  a  lumped 
elem ent L.
In  F ig u re  1 , i  i s  the  c u r r e n t  t h a t  would be induced  in  
th e  e x te r n a l  c i r c u i t  by  movement o f  charge  a c ro s s  th e  gap i f  C, R 
and L were a l l  n e g l ig ib ly  sm a ll. i , i s  the  gap  c ap a c ita n c e  c u r r e n t ,  
and ±2 i s  the  c u r r e n t  in d ic a te d  by th e  o s c i l lo g r a p h .  V i s  th e  
s t a t i c  supp ly  v o l ta g e ,  assum ed to  be c o n s ta n t  a t  a l l  t im e s , and v 
i s  th e  in s ta n ta n e o u s  v o lta g e  a c ro ss  the  d isc h a rg e  gap .
To o b ta in  a p h y s ic a l  p ic tu r e  o f  th e  e f f e c t  o f  th e  c i r c u i t  
e lem ents on th e  m easured c u r r e n t ,  suppose th a t  i n i t i a l l y  no c u r r e n t  
i s  f lo w in g , i . e .  i  = i i  = ia  = 0 and, c o n se q u e n tly , V = v . Now 
l e t  i  in c re a s e  from zero  to  some f i n i t e  v a lu e  in  the d i r e c t i o n  o f  
th e  arrow ; t h i s  im p lie s  t h a t  e le c tro n s  m ust be t r a v e l l i n g  from  
cathode to  anode a n d /o r  p o s i t iv e  io n s  i n  th e  r e v e r s e  d i r e c t i o n .
The e f f e c t  o f  th e  moving c h arg es  i s  to  d isc h a rg e  th e  gap c a p a c ita n c e  
p a r t i a l l y ,  c au sin g  v to  f a l l  below i t s  i n i t i a l  v a lue  V. The 
d i f fe re n c e  v o lta g e  (V -  v ) causes c u r r e n t  ±z to  f lo w , re c h a rg in g  
th e  gap c a p a c ita n c e  th ro u g h  L and R, and i t  i s  t h i s  re c h a rg in g  
c u r r e n t  ±2 t h a t  i s  m easured , Ylhen R , L and C a re  such t h a t  iz
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i s  ab le  to  v a ry  a s  r a p id ly  as i , t h e n  (V -  v ) n ev er becomes 
s i g n i f i c a n t ,  and iz  ^  i#
In  th e  fo l lo w in g , the  r e l a t i o n s h ip  betw een iz  and i  i s  
c o n s id e re d  f o r  d i f f e r e n t  c a s e s .  I t  i s  assumed th ro u g h o u t t h a t :
(a )  th e  e l e c t r i c  f i e l d  in  th e  d isc h a rg e  gap i s  u n ifo rm , and i s  n o t 
a p p re c ia b ly  a l t e r e d  by  th e  p resen ce  o f th e  f r e e  charge  c a r r i e r s ;  
and (b )  t h a t  th e  v o lta g e  v i s  so c lo s e  to  V t h a t  q u a n t i t i e s  such  
as Townsend’ s f i r s t  c o e f f i c i e n t ,  e le c t r o n  d r i f t  v e lo c i ty ,  e t c .  
a re  c o n s ta n t ,
A s im ila r  c a lc u la t io n  f o r  th e  c y l i n d r i c a l  geom etry o f 
th e  p ro p o r t io n a l  co u n tin g  tu b e  has been g iv en  by Thomas .
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2,1 C u rren t P u lse  Shape w ith  Zero C i r c u i t  In d u c tan ce
In  t h i s  c a s e , th e  e q u iv a le n t  c i r c u i t  i s  as shown in  
F ig u re  1 , b u t w ith  th e  in d u c tan ce  L = 0 ,
C le a r ly ,
= -  c |g  (V -  i :R )
s in c e  V i s  assumed to  be c o n s ta n t,
A lso
11 +  12 = 1
i . e .  CR ^  + ia  = 1 . . . (16 )
and
The s o lu t io n  i s  s im p li f ie d  in  two p a r t i c u l a r  c a se s
(a )  CR l a r g e ,  so t h a t
i . e .  iz  ^  f i .  d t
(3 6 ) .
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(b ) CR sm a ll, so th a t
CR ^  iz
and
±2 «  i
These p a r t i c u l a r  o a se s  a re  n o t d is c u s se d  in  d e t a i l  h e re .
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2 .1 .1  Gases w hich do n o t form n e g a tiv e  io n s
2 .1 .1 .1  C u rren t d u r in g  the  e le c t r o n  t r a n s i t  tim e
C onsider an avalanche produced  by a s in g le  e le c t r o n  
le a v in g  th e  c a th o d e . "When th e  avalanche  has p ro g re s se d  a d is ta n c e  
X tow ards th e  anode, th e  number n (x ) o f e le c t r o n s  in  th e  av a lan ch e  
i s  g iven  by e q u a tio n  (2 )  w ith  n (o ) = 1 ,  i . e .
n_( x)  = . . .  ( 17)
I f  th e  avalanche  i s  i n i t i a t e d  a t  tim e t  = 0 , and i f  th e  
e le c t r o n s  t r a v e l  w ith  a  c o n s ta n t  d r i f t  v e lo c i ty  v_ , th e n (17) may 
be w r i t te n
n ( t )  = e ^ - ^  . . . (18)
I t  can r e a d i l y  be shown' th a t  a number o f charged  
p a r t i c l e s  moving ih  a u n ifo rm - f ie ld  gap a t  c o n s ta n t  v e lo c i ty  w i l l  
induce in  th e  e x te r n a l  c i r c u i t  a c u r r e n t  i  g iv en  by
i  = • • • (19)
where q i s  the  t o t a l  charge  m oving, u i s  i t s  v e lo c i ty ,  und d th e  
gap le n g th .
In  th e  p re s e n t  c a s e , q = Gn ( t )  = s e ^ - ^ ,  where e i s  
th e  charge on an e le c t r o n ;  and u = v ♦ Thus th e  c u r r e n t  due to
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th e  m otion o f  e le c t r o n s  o n ly , i s
v_ _ _ov_t
i _ = T ® ®  • • • (20 )
o r
. . . (21)
where ^  i s  th e  e le c t r o n  t r a n s i t  t im e .
The number n + ( t )  o f  p o s i t iv e  io n s  in  th e  gap a t  tim e t
i s  th e  number form ed up to  th a t  tim e , l e s s  th e  number t h a t  have
CCSrea ch e d  th e  c a th o d e . The l a t t e r  q u a n ti ty  i s  e where s i s  g iven
+ -S. = tv+ v_
and v^ i s  th e  p o s i t iv e  io n  d r i f t  v e lo c i ty .  T h is  i s  because  a
tim e ^  e la p se s  from t  = 0 u n t i l  th e  fo rm a tio n  o f  an io n  a t  s ,
and a f u r th e r  tim e —  b e fo re  t h a t  io n  a r r iv e s  a t  th e  c a th o d e .
+
T hus,
n + ( t)  = . . . ( 2 2 )
where  ^ \ - i
= f —  +*
%
S ince v » v , e q u a tio n  (22 ) may be w r i t te n
+
n ( t )  =
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o r ,  to  a o lo se  ap p ro x im atio n ,
n ( t )  =
T h is  l a s t  e q u a tio n  i s  o b ta in e d  d i r e c t l y  by  n e g le c t in g  
lo s s  o f p o s i t iv e  io n s  from  th e  gap d u rin g  th e  e le c t r o n  t r a n s i t  t im e , 
i . e .  by assum ing t h a t  th e  number o f p o s i t iv e  io n s  i s  e q u a l to  th e  
number o f e le c t r o n s ,  g iv en  by e q u a tio n  (1 8 ) .
The c u r r e n t  i ^  induced  in  th e  e x te r n a l  c i r c u i t  by  th e  
m otion o f  th e  p o s i t iv e  io n s  i s  th en
i .  = e " ’ -*  . . .  (23)
where i s  the  p o s i t iv e  io n  t r a n s i t  tim e .
The t o t a l  induced  c u r r e n t  i  i s  g iv en  by 
i  = i_  + ±4.
i . e .  from (20) and ( 2 3 )
S u b s t i tu t in g  th i s  v a lu e  in  (1 6 ) ,  and so lv in g  fo r  ±z 
w ith  th e  c o n d it io n  i% = 0 a t  t  = 0 , g iv es
 ^^ ® T-rkse ® ^
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o r ,  to  a o lo se  ap p ro x im a tio n .
+ • • • (25 )
Comparison w ith  (24 ) shows t h a t  i 2 has i n  t h i s  case the  
same v;aveform as i ,  h u t  i s  red u ced  in  m agnitude by a f a c to r
1 + CRov • • ‘ (2 ^ )
F or th e  t y p i c a l  v a lu e s  C = 10 pF, R = 50 k 2 , a = 15 cm *,
V = 10^ cm sec   ^ , t h i s  f a c to r  has th e  v a lu e  *
F or l a t e r  r e f e r e n c e ,  the  v a lu e  o f iz  a t  tim e t  = T_
w i l l  be d e fin e d  a s  Iz  - From (25)
'  (27 )
2 .1 ,1 ,2  C u rren t d u r in g  th e  p o s i t iv e  io n  t r a n s i t  tim e
In  t h i s  s e c t io n ,  i s  c o n s id e re d  to  be n e g l ig ib ly  s h o r t  
in  com parison w ith  t^., so t h a t  a t  tim e t  = 0 , e^^ p o s i t iv e  io n s  
a re  assumed to  appear s im u lta n e o u s ly  in  th e  gap and to  b eg in  to  
move tow ards th e  cathode w ith  v e lo c i ty  v ^ . The number n ^ ( t )  o f  
p o s i t iv e  io n s  rem ain ing  in  th e  gap a t  tim e t  i s  th e n  g iv en  by
n + ( t)  = . . (28 )
— 2f1 —
The co rre sp o n d in g  v a lu e  o f  i ,  d e s ig n a te d  i ^ ,  i s
e /  ad o v . t  1 = —  e -  e +
+ \
F o r conven ience , t h i s  w i l l  be w r i t te n
where i  = ~  e^^  . . . ( 2 9 )
and i^  = -  . • . (3 0 )
i ^  may be c o n s id e re d  a s  th e  component o f c u r r e n t  due to  th e  
m otion o f th e  e^*  ^ p o s i t iv e  io n s  which sudden ly  ap p ear in  th e  gap , 
and i^  a s  th e  d ec rea se  in  c u r r e n t  caused  by  th e  d im in u tio n  w ith  
tim e in  th e  number o f p o s i t iv e  io n s  in  th e  gap , in  accordance  
w ith  t h e i r  o r ig in a l  e x p o n e n tia l  d i s t r i b u t i o n  a lo n g  th e  ava lanche  
p a th .
S ince e q u a tio n  (16) i s  l i n e a r ,  i t  can be so lv ed  w ith  
i  = i ^  and w ith  i  = i^  s e p a r a te ly .  F o r i^ ^  = i^.^ = 0 a t  t  = 0 , 
th e  two s o lu t io n s  a re
• • • (31 )
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and
8 1 /  OV. t  ” CR
^2b “ " T 1 + CRav V® ” ®
+ + \
o r ,  w ith  n e g l ig ib le  e r r o r .
\ b  = - f  r r h r  • • (32)
+ +
At tim e t  = 0 , how ever, iz  has th e  v a lu e  Iz  g iven  
by  ( 27 ) ,  and, in  th e  absence o f  p o s i t iv e  io n  m otion  would decay 
e x p o n e n tia l ly  to  zero  w ith  t im e -c o n s ta n t  CR, T h is  i n i t i a l  v a lu e  
may be tho u g h t o f a s  add ing  a f u r t h e r  component i^ ^  to  th e
m easured c u r r e n t ,  where
t
The t o t a l  m easured c u r r e n t  iz  i s  th en
l 2 = l  + 1 , + 1za 2b 2C
A t tim e t  = i . e .  a t  th e  end o f  th e  p o s i t iv e  io n  
t r a n s i t  t im e , iz  has a f i n i t e  v a lu e , and f o r  t  > w i l l  d e c rea se  
e x p o n e n tia l ly  to  z e ro , w ith  tim e c o n s ta n t  CR,
2 ,1 .1 ,3  The "balanced" p u lse  shape
E qu atio n  (31 ) shows t h a t  i^ ^  in c r e a s e s  from  zero  to  a 
f i n a l  v a lu e  Iz ^  g iven  by
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Iz = • • • (34)
The component i s  n e g l ig ib le  f o r  sm all v a lu e s  o f t ,  
b u t  becomes a p p re c ia b le  f o r  t  T hus, when t  i s  sm a ll .
iz  ^  i  + iza 20
and , i f  c o n d it io n s  a re  such th a t  and Ig  a re  e q u a l ,  
th en  i z  = Iz_^ = Iz  = c o n s ta n t .
I n  t h i s  c a s e , th e n , th e  m easured c u r r e n t  r i s e s  in  a 
n e g l ig ib le  tim e ( t ) ,  to  a v a lu e  1% (= Iz_^), and rem ains a t  t h i s
'p la te a u *  v a lu e  f o r  a  c o n s id e ra b le  f r a c t io n  o f  th e  p o s i t iv e  io n
t r a n s i t  t im e . T h is  le a d s  to  a p u lse  o f  th e  form  d e sc r ib e d  in  th e
German l i t e r a t u r e  a s  'b a lanced*  o r 'com pensated* ( * ab g eg lich en * ^ ^ ^ ).
A p a ram eter i s  now in tro d u c e d , d e fin e d  by
Iz ^  = 4Iz_  . . . (33)
S u b s t i tu t io n  f o r  I 2 from  (34) and fo r  Iz  from  (27) le a d s  to
+
V + (CRov )v
* = — -------------------------------------- . . . ( 3 6 )
V +  V  
+
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C le a r ly ,  ^ = 1 i f  CRorv  ^ = 1 , and th e  p u lse  i s  o f th e  b a la n c e d
form ( I 2 = I 2 ) .
Schm idt^^) d e f in e s  a  q u a n ti ty  p  = CRov^; th u s
V +  p v
* = T - n r  • • • (37)
+





Since —  i s  g e n e ra l ly  o f th e  o rd e r  o f 10 , th e  f a c t o r
V
V V
v a r ie s  from  u n i ty  by l e s s  th a n  1^ f o r  0 .5  ^ p  < <»• Thus, ^ 
and p a r e ,  f o r  p r a c t i c a l  p u rp o se s , i d e n t i c a l ,  and the  d i s t i n c t io n  
betw een them makes no d if f e r e n c e  to  th e  r e s u l t s  o f  th e  th e o ry .
F u r th e r ,  s in c e  \jr ^  p = CRov^, v a r i a t i o n  o f  R p ro v id e s  
a method o f  a d ju s t in g  th e  p u lse  shape to  th e  b a la n ce d  form 
re q u ire d  f o r  th e  m easurement o f some o f  th e  p h y s ic a l  q u a n t i t i e s ,  
as  o u t l in e d  in  S e c tio n  2 .1 .1 .5 .
A t tim e t  = r  , th e  v o lta g e  a c ro s s  R, w hich form s th e  
in p u t to  the  o s c i l lo g ra p h , has a v a lu e  eq u a l to
« I . .  ■ H
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from  e q u a tio n  (2 7 ) . I f  th e  c o n d it io n s  a re  such t h a t  CRcrv^ . R* 1 , 
th e n  CR(rv_ »  1 , s in c e  n o rm ally  v_ »  T h is  le a d s  to
.  . ( 3 8 )
and t h i s  v o lta g e  i s  in d ep en d en t o f  R . When ig  has rea c h e d  th e  
v a lu e  I z ^ ,  the  v o lta g e  in p u t to  th e  o s c i l l o g r a p h , i s
which i s  p r o p o r t io n a l  to  R. V a r ia t io n  o f  th e  v a lu e  o f R, t h e r e f o r e ,  
cau ses th e  am p litude  o f th e  'p la te a u *  o f  th e  ob serv ed  p u lse  to  v a ry  
i n  p ro p o r t io n , h u t  th e  i n i t i a l  am plitude  rem ains p r a c t i c a l l y  
c o n s ta n t .  In c re a s in g  R does n o t ,  as  m ight he e x p e c te d , in c re a s e  
p u lse  am plitude  w ith o u t changing p u lse  sh ap e , u n le s s  th e  gap 
c a p a c ita n c e  C i s  reduced  in  th e  same p ro p o r t io n .  In  th e  i n t e r e s t s  
o f  s e n s i t i v i t y ,  th e r e f o r e ,  i t  i s  d e s ir a b le  to  keep C sm a ll.
F u r th e r ,  s in c e  th e  power supp ly  o f F ig u re  1 i s  to  m a in ta in  a 
c o n s ta n t  s t a t i c  v o l ta g e ,  i t  m ust have n e g l ig ib le  a . c .  im pedance, 
so t h a t  th e  gap c a p a c ita n c e  C i s  e f f e c t i v e l y  i n  p a r a l l e l  w ith  R; 
i t  fo llo w s  t h a t  s t r a y  c a p a c ita n c e  a c ro s s  R w i l l  g ive  th e  same 
r e s u l t  as an in c re a s e  in  C; th a t  i s ,  i t  w i l l  e f f e c t i v e l y  red u ce  
s e n s i t i v i t y .
— h-G —
2 .1 ,1 .4  N orm alized e x p re ss io n s  f o r  m easured o u r re n t
I f  t  i s  s e t  equal to  CRctv in  e q u a tio n s  (3 1 ) ,  (32) and
(3 3 ) ,  th e  r e s u l t  i s
ad t
T W
2b -  1
ad. ( - ------ 1 )-i
i  = I 2 e 
20
ad t  
V T+
^  (39)
C u rre n t i s  now ex p re ssed  in  term s o f  I 2 and tim e in  term s o f  
w ith  ^ and ad as p a ra m e te rs .
F ig u re  2 shows th e  p u lse  shape in d ic a te d  by (3 9 ) ,  f o r  
^ = 1 and ad = 1 3#
In  F ig u res  3 and 4 , i  has th e  v a lu e s  0 .9  and 1 .1 
r e s p e c t iv e ly ,  and a g a in  ad = I 3 .
The e f f e c t  o f v a ry in g  ad from  10 to  20 i s  shown in  
F ig u re  3 , f o r  the  case  i{r = 1,
-  47 -
2 .1 .1 .5  M easurem ents from the observed  c u r r e n t  p u l s e s .
P o s i t iv e  io n  d r i f t  v e lo c i ty  (v ^ ) can be de te rm ined
from  c u r r e n t  p u lse s  re c o rd e d  e x p e r im e n ta lly , by m easurem ent o f  
p o s i t iv e  io n  t r a n s i t  tim e on th e  fo llo w in g  b a s i s .
Summing th e  v a lu e s  o f  i ^ ^ ,  i^ ^ ,  i^ ^  from  (3 9 ) , 
n e g le c t in g  a l l  n e g a tiv e  e x p o n e n tia l  te rm s, and r e p la c in g  4^2 by 
g iv es
’ - d r  ~  J  • m
I f  th e  va lue  o f  i z  a t  t  = v i s  Iz  , th en
and , i f  = 1 ,
I z ^  = 2 Iz
T hus, when th e  p u lse  i s  o f th e  b a la n ce d  form ()|f = 1 ) ,  th e  tim e 
from  th e  s t a r t  o f  th e  p u lse  to  th e  p o in t  where th e  rec o rd ed  
c u r r e n t  has f a l l e n  to  one h a l f  o f i t s  maximum (p l a t e a u )v a lu e , i s  
th e  p o s i t iv e  io n  t r a n s i t  tim e .
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Since  i t  may be d i f f i c u l t  to  d e te rm in e  t  a c c u ra te ly  
i n  the  p resen ce  o f n o is e ,  i t  i s  n e c e ssa ry  to  examine th e  deg ree  
o f  e r r o r  in tro d u c e d  by  ap p ly in g  t h i s  method o f m easurement to  a 
p u lse  where ^ d i f f e r s  s l i ^ t l y  from  u n i ty .  To e s t im a te  th e  
e r r o r ,  iz  i s  s e t  e q u a l to  -glz in  (4 0 ) ,  so t h a t
m  ®
where i s  th e  v a lu e  o f t  making iz  = and i s  th e  m easured
p o s i t iv e  io n  t r a n s i t  t im e . The p e rc en ta g e  e r r o r  in tro d u c e d  in  
t h i s  way i s  th en
The e r r o r  i s  g r e a te s t  f o r  sm all ad , and in  F ig u re  6 i s  p lo t t e d  
a g a in s t  f o r  ad = 10, F o r v a lu e s  o f i  = 1 -  0 .1 ,  t h i s  e r r o r  
i s  on ly  o f th e  o rd e r  o f 0.5^o.
Tow nsend's f i r s t  c o e f f i c i e n t  ( a )  may be d e te rm in ed  from  
th e  c u r r e n t  p u lse  u s in g  two d i f f e r e n t  m ethods;
( a )  F o r a r e c ta n g u la r  p u ls e ,
CRav = 1 
+
-  49 -
so t h a t
1a = CRv
+
may be m easured by  th e  method d e s c r ib e d  above, and C and R by 
any o f  the  norm al m ethods. S ince C i s  e f f e c t i v e l y  in  p a r a l l e l  
w ith  R , due to  th e  n e g l ig ib le  a . c .  impedance o f th e  d*o. su p p ly , 
th e  v a lu e  o f  C used  in  t h i s  k in d  o f m easurem ent m ust in c lu d e  the  
s t r a y  c a p a c ita n c e  a c ro s s  R , as w e ll as t h a t  o f th e  gap i t s e l f ,
(b )  An a l t e r n a t iv e  method depends on th e  shape o f  th e  p u lse  
when tim e t  i s  a c o n s id e ra b le  f r a c t io n  o f  The c u r r e n t  iz  i s
th en  g iv en  by ( 4 0 ) ,  w hich may be w r i t te n  in  th e  form
_ 1 _ 1_
I z  1 + i|( ® ■ ad
o r
I z  — i z
T T T  - + Ctv t  +
T hus, a sem ilo g a rith m ic  p l o t  o f the  f r a c t i o n a l  d e c rea se  o f 
m easured c u r r e n t  a g a in s t  tim e w i l l  y i e ld  a s t r a i g h t  l i n e  o f 
s lo p e  ov^. I f  v^ i s  known, a can be fo u n d .
— 30 —
E le c tro n  d r i f t  v e lo c i ty  (v_) may a ls o  be  d e te rm in ed  by 
two m ethods:
(a )  E q u a tio n  (25 ) shows t h a t  the  c u r r e n t  m easured d u rin g  th e  
e le c t r o n  t r a n s i t  tim e in c re a s e s  e x p o n e n t ia l ly  w ith  t im e -c o n s ta n t
1
. T hus, a  se m ilo g a rith m ic  p lo t  o f m easured c u r r e n t  a g a in s t
tim e g iv e s  a s t r a ig h t  l i n e  o f  s lope  ov , and v can  be found  in  t h i s  
v/ay, p ro v id ed  a i s  known.
(b ) Where secondary  ava lanches a re  produced by a  p h o to - e le c t r i c  
e f f e c t  a t  th e  c a th o d e , th e  tim e i n t e r v a l  betw een th e  s t a r t  o f  one 
avalanche  and th a t  o f  i t s  secondary  av a lan ch e  may be i d e n t i f i e d  w ith  
the  e le c t r o n  t r a n s i t  t im e . T h is can  be m easured d i r e c t l y  from  th e  
o s c illo g ra m , to  g ive v •
— 31 —
2 .1 .2  Gases w hich form  n e g a tiv e  io n s
2 .1 .2 .1  C u rren t d u rin g  the e le c t r o n  t r a n s i t  tim e
L et th e  c o e f f i c i e n t  f o r  n e g a tiv e  io n  fo rm a tio n  be T|, 
and c o n s id e r  an avalanche  produced by a s in g le  e le c t r o n  le a v in g  
th e  cathode a t  tim e t  = 0 . Then, by analogy  w ith  e q u a tio n  (18)
n _ ( t )  =
T h is  fo llo w s  r e a d i ly  from  e q u a tio n  (1 0 ) .
The m otion o f  th e s e  n ( t )  e le c t r o n s  p roduces a component 
o f induced  c u r re n t
The number n^(x ) o f p o s i t iv e  io n s  form ed in  th e  a v a la n c h e , 
when i t  has t r a v e l l e d  a  d is ta n c e  x from th e  c a th o d e , i s  o b ta in e d  by 
in te g r a t io n  o f e q u a tio n  ( 9 ) ,  i . e .
n (x )  = a n_ (x ) dx 
Jo




i . e ,
-  52 -
o r
The m otion o f  th e  p o s i t iv e  io n s ,  assum ing t h a t  a  n e g l ig ib le  number 
re a c h  th e  cathode  d u rin g  the  e le c t r o n  t r a n s i t  t im e , g iv e s  r i s e  to  
a component o f induced  c u r re n t
+ a -  T|
I t  i s  c o n v en ien t to  7/ r i t e  f  = %, so t h a t
\ = T -  r h
The number n ^ ( t )  o f  n e g a tiv e  io n s  form ed a f t e r  tim e t  
fo llo w s  by a s im ila r  argum ent;
n ( t )  = — a—  e ( a - n ) ? _ t  . . . (44 )
n a -  Tj
and th e  m otion o f  th e  n e g a tiv e  io n s y ie ld s  a component o f  
induced  c u r re n t
-  53 -
. (45)
s in c e  no n e g a tiv e  io n s  re a c h  th e  anode d u rin g  th e  e le c t r o n  
t r a n s i t  tim e , i s  th e  n e g a tiv e  io n  t r a n s i t  t im e .
The t o t a l  induced  c u r r e n t  i  i s  th e n
1 = 1 + 1  + 1  -  + n
T T 1 - f  T 1 - f  + n
i . e
i  = 1 1 / I  + Kf—  + T  ( j - Z - f - 6 e
(a - 'n )v „ t . (46)
'^ 4. V
Here K = —  = —  , where v and v a re  th e  d r i f t  v e l o c i t i e s  o f  T V '  + nn +
th e  p o s i t iv e  and n e g a tiv e  io n s r e s p e c t iv e ly .  S u b s t i tu t io n  o f
( 4 6 ) in  ( 1 6 ) g iv e s ,  f o r  iz  = 0 a t  t  = 0 ,
1 =
» T T w W :  “
o r ,  to  a c lo s e  ap p ro x im atio n .
-  54 -
A t t  = V , iz  has th e  v a lue
e 1 e(«-n)d.
1 + CR(a-T|)v_
2 .1 .2 .2  C u rren t d u rin g  th e  p o s i t iv e  io n  t r a n s i t  tim e
. (47)
. (48)
The c u rre n t  w i l l  be th e  sum o f th e  se p a ra te  com ponents, 
as in  S e c tio n  2*1 .1#2 , b u t w ith  the a d d i t io n  o f a f o u r th  component 
due to  n e g a tiv e  io n  m otion .
t  i s
The number n ^ ( t )  o f p o s i t iv e  io n s  i n  the gap a t  tim e
n^(t) = -  e(=-^)^+A
T h is  i s  o f  th e  same form as (28 ) and , u s in g  the  same te rm in o lo g y  
as b e fo r e ,  th e  co rresp o n d in g  components o f  m easured c u r r e n t  iz
a re :
za T 1 - f
, ( " -n )a  A -  e
t
CR . (4 9 )
-  53 -
i  _________________________________ R ( « - n ) v + t  _
t
CR
*b + (1 _ f )  1 + (a  _ T|)v^CR
The l a t t e r  e q u a tio n  may be w r i t t e n ,  w ith o u t s i g n i f i c a n t  lo s s  o f  
a c c u ra c y .
= Ï ~ T  1 ( a  -  il)v"CR ♦ (5 ° )
The component o f  c u r re n t  i  due to  th e  i n i t i a l  c o n d it io n  i s
2C
a g a in
„ -L
\ o  = I , -  ® . . .  ( 33)
The t o t a l  number o f n e g a tiv e  io n s  form ed in  th e  avalanche  
fo llo w s  from  (4 4 ) w ith  t  = t  :
n ^ ( to t a l )  =
and th e  number rem ain ing  in  the  gap a f t e r  tim e t  = t  d e c re a se s
e x p o n e n tia l ly  w ith  t im e -c o n s ta n t 7- —  as a r e s u l t  o f  th e
i n i t i a l  e x p o n e n tia l  d i s t r i b u t i o n  o f  io n  d e n s i ty  a lo n g  th e  ava lanche  
p a th . Thus th e  number rem ain ing  a t  tim e t  > T i s
n -  ....^ - (a -T ] )v n t
n 1 -  f  ® • ®
— 56 -
The m otion o f th e s e  io n s  induces a component o f  c u r r e n t  i ^  g iven  
by
. _ e f  (a-Tl)d
^d ■ T 1 -  f  ® ® 'n
and s u b s t i tu t io n  o f  t h i s  va lue  in  (16) g iv es  th e  s o lu t io n
2d T 1 -  f  1 -  CR(n
(51)
f o r  i^ ^  = 0  a t  t  = 0 .
The a c tu a l  m easured c u r r e n t  i s  th e n
1 , = 1 + i , + iz a  zb z c  zd
f o r  v a lu e s  o f t  up to  a f t e r  which iz  f a l l s  e x p o n e n tia l ly  to  
z e ro , w ith  t im e -c o n s ta n t  CR.
2 .1 .2 .3  The b a la n ce d  p u lse  shape
The f i n a l  v a lu e  w hich i^ ^  a t t a i n s  i s ,  from  (4 9 ) ,
T T ? ■ • ■ (52)
+
I f  I z ^  = I z  , th e n  th e  observed  p u lse  w i l l  have th e  appearance 
o f a p u lse  o f  b a la n ce d  form  as in  F ig u re  2 , b u t  w ith  th e  n e g a tiv e  
io n  component superposed  and e a s i l y  d i s t in g u is h a b le .
-  57 -
S u b s t i tu t io n  o f th e  v a lu e  f o r  I z ^  from  (52) and I*_  
from (48) in
l 2 ^  = »I 2_  .  .  .  ( 35 )
g iv e s , a f t e r  re a rran g e m en t,
V + p(l -  f ) v  
*  ^ (1 + K f ) v  + ( 1 -  f ) v  ' . . .  ( 53 )
where p = GRav^ as  b e fo re .
The c o n d it io n  f o r  ÿ = 1 i s  now
P = 1 + ^  . . .  ( 5 4 )
which i s  th e  same as th e  p re v io u s  c o n d it io n  ( p = 1) i f
+ «  1 . . .  ( 5 5 )1 - f  V
V
Since —  i s  no rm ally  o f th e  o rd e r  o f 10 ^ , and k o f  th e  o rd e r
o f  u n i ty ,  t h i s  c o n d it io n  i s  f u l f i l l e d  u n le s s  f  i s  c lo se  to  u n i ty , 
The method used  by Vogel^^^ w i l l  th e r e fo re  be fo llo w e d , i . e .  th e  
c o n d it io n  f o r  th e  b a lanced  p u lse  shape w i l l  be w r i t t e n  as
p = CRctv = 1  ^ +
-  58 -
F u r th e r ,  (55) may be w r i t te n
« (1 -  f ) v
and, s in ce  fcf i s  o f  th e  o rd e r  o f  u n i ty ,
(1 + Kf)v^ « (1 -  f ) v
and
« (1 -  f ) v
A pplying th e s e  l a s t  two in e q u a l i t i e s  in  e q u a tio n  (53) g iv e s
\lf ^  p, and th e se  tv/o q u a n t i t ie s  v / i l l  now be t r e a t e d  as id e n t i c a l .
2 .1 ,2 .4  N orm alized e x p re s s io n s  f o r  m easured c u r r e n t
S e t t in g  ^ = CRctv^  ^ i n  (4 9 ) , ( 5 0 ) ,  (33) and (5 1 ) ,  th e
r e s u l t  i s
ad t
\ b  = 1 + (1 -  f ) *
^20 "  ®
ad t  
T  T+
fK iiz  
2 d. 1 — ( 1 — f
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C u rre n t i s  now e x p re ssed  in  term s o f  I 2 , and tim e in  te rm s o f 
w ith  ad, f ,  ^ and K a s  p a ra m e te rs .
F ig u re  7 shows th e  c u r r e n t  p u lse  shape in d ic a te d  by ( 5 6 ) 
f o r  ad = 3 0 , f  = 0 . 5 , 1^ = 1 , ^ 1 . 5 , and f o r  the  same c o n d it io n s
b u t  w ith  K = 1 . 0 .
2 .1 .2 .5  M easurem ents from  th e  o bserved  c u r r e n t  p u lse s
P o s i t iv e  ion  d r i f t  v e lo c i ty  (v + ) . F o llow ing  th e  method
o f  S e c tio n  2 .1 .1 .5 ,  i t  i s  r e q u ir e d  to  f in d  th e  v a lu e  o f i z  a t
t  =
Summing e q u a tio n s  ( 5 6 ) ,  n e g le c t in g  a l l  n e g a tiv e  e x p o n e n tia l  
te rm s , and re p la c in g  by g iv es
iz  = I; + -  T  ' + (1 - . (57)
IVhen t  = and = 1
X2 =  M - 1 + ( 1 - f )
o r
Iz
1 -  f
. (58)
a s  g iven  by  V o g e l(^ ).
— 6o —
Thus, m easurem ent o f v , and hence v , in  t h i s  case+ +
in v o lv e s  a  knowledge o f  f .  M easurement o f t h i s  l a t t e r  p a ram eter 
from th e  c u r r e n t  p u lse  i s  d isc u sse d  below*
Tow nsend's f i r s t  c o e f f i c i e n t  (a )  may be found by a d ju s t ­
in g  R to  g iv e  th e  b a la n ce d  p u lse  shape o f  F ig u re  7 , and a p p ly in g  
th e  r e l a t i o n  CRov^ = 1; C, R and v^ can be m easured in d e p e n d e n tly .
Measurement o f (a  -  t]) . From e q u a tio n  (5 7 ) ,  a p l o t  o f
( I : .  -  i z )
lo g  -----   a g a in s t  t ,  f o r  0 . 8 t  t  < v  ^ w i l l  y i e ld  a
e ±2^ + +
stra ight lin e  of slope (a -  t])v . I f  v i s  known, ( ct -  T|) can be
d e te rm in ed .
Measurement o f f (=  T]/a). To d em o n stra te  th e  method o f 
e s t im a tin g  f  from  th e  p u lse  shape , i t  i s  n e c e s sa ry  to  examine th a t  
p o r t io n  o f  th e  p u lse  which r e s u l t s  from n e g a tiv e  io n  m otion .
W ith ^ = 1 , th e  component o f  c u r re n t  ±2 produced by n e g a tiv e  io n  
m otion i s ,  from  e q u a tio n  ( 5 6 ) ,
fK lz  r— — ( I —f)/CCXd - — — Od.-— —1T+
^2d = j
— 61 —
T h is  has a  maximum v a lu e  i  , whenid max
g iven  by
idmax
I f  the  maximum v a lu e  o f m easured c u r r e n t  i s  I * ,  th e n  f o r  ^ = 1 , 
i . e ,  f o r  Iz_=  I z ^ ,
Iz  = Iz  + i
max
and i f  a r a t i o  6 i s  d e f in e d  by
Ô =
A A
th e n  6 = 1 + ^ 2 ^ a xIz
=  1 + 1 -
f K _____
(1 -f)K
( l- f )%
L
— 62 —
F or K = i . e .  = v ^ .
1
a s  o b ta in e d  by Vogel^^^ f o r  t h i s  c o n d it io n .
Ô can be m easured from  th e  observed  c u r r e n t  p u ls e ,  and f  
may th en  be found u s in g  cu rv es o f  f  a g a in s t  6 , a s  shown in  
F ig u re  8 f o r  th e  c a se s  K = 1 .0  and K. = 1 .5 .  When k i s  n o t known
a c c u ra te ly ,  cu rv es  o f  t h i s  type  would be u s e f u l  in  e s t im a tin g  the  
p ro b ab le  e r r o r  i n  f .
E le c tro n  d r i f t  v e lo c i ty  (v_) can a g a in  be m easured by 
tv/o m ethods;
(a )  The tim e -c o n s ta n t  o f in c re a s e  o f  m easured c u r r e n t  d u rin g  
th e  e le c t r o n  t r a n s i t  tim e i s  , from  e q u a tio n  ( 31 ) ,  so a
p lo t  o f logg iz  a g a in s t  tim e w i l l  y i e ld  a  v a lu e  o f v , p ro v id ed
( a-rj) i s  known,
(b ) V/here secondary  av a lan ch es  occu r as a  r e s u l t  o f a pho to ­
e l e c t r i c  p ro c e ss  a t  th e  c a th o d e , th e  e le c t r o n  t r a n s i t  tim e (and 
hence v_) can be m easured from  th e  o sc illo g ra m  a s  p re v io u s ly  
d isc u sse d  in  S e c tio n  2 .1 .1 .5 .
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2 .1 .3  A valanches s t a r t i n g  p a rt-w ay  a c ro s s  th e  gap
V/hen th e  p rim ary  e le c t r o n s  a re  p roduced  by io n iz in g
r a d ia t io n s  from  a r a d io a c t iv e  s u b s ta n c e , o r by am bient i r r a d i a t i o n ,
i t  i s  co n ce iv ab le  t h a t  a t  l e a s t  some o f  th e  o b se rv ed  av a lan ch es
w i l l  s t a r t  w i th in  th e  gap and n o t a t  th e  ca thode  s u r f a c e .  On accoun t
C2 7 )o f  th e  s t a t i s t i c a l  v a r i a t i o n s  in  av a lan ch e  c a rrie r-n u m b ef^   ^ such
a v a lan ch es  w i l l  n o t be im m ed ia te ly  d i s t in g u is h a b le  by  t h e i r  reduced  
s i z e ,  a lth o u g h  t h e i r  p re sen c e  m ight be d e te c te d  by m easurement o f 
th e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  p u lse  h e ig h t s .  I t  i s  o f i n t e r e s t  
to  en q u ire  w hether th e  o b se rv ed  c u r r e n t  p u ls e  shape i s  a f f e c te d  a s  
a r e s u l t  o f  th e  avalanche 's s t a r t i n g  a t  a  p o in t  n o t  on th e  cathode 
s u r fa c e . T h is case  has n o t  been  c o n s id e re d  by  p rev io u s  a u th o rs .
F or s im p l ic i ty ,  o n ly  the c a se  o f  a gas w hich does n o t form  n e g a tiv e  
io n s  w i l l  be c o n s id e re d .
Suppose t h a t ,  a t  tim e t  = 0 , an i n i t i a t i n g  e le c t r o n  i s  
r e le a s e d  w ith in  the  gap a t  x = a .  The induced  c u r r e n t  i  i s ,  as 
b e fo re ,
i _  = - ^  e e “^-^  . . . ( 20 )
H ere , how ever, ^  i s  n o t th e  t r a n s i t  tim e o f  th e  i n i t i a t i n g  
e le c tro n *
I t  i s  assumed t h a t  th e  number o f  p o s i t iv e  io n s  in  the 
gap d u rin g  th e  e le c t r o n  t r a n s i t  tim e i s  e q u a l to  th e  number o f
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e le c t r o n s ,  so t h a t
(compare e q u a tio n  (2 3 ) ) .
F o r 0 < t  < T , th e r e  r e s u l t s  an induced  c u r r e n t
and , a t  th e  end o f  the  e le c t r o n  t r a n s i t  t im e .
=  (  f  t )  ® “ k s v "  • (Go)
F or th e  " f in a l "  (p la te a u )  v a lu e  o f  th e  p o s i t iv e
+
io n  c u r r e n t ,  th e re  r e s u l t s
G e^^^ .  . . (61)
and i f ,  as b e fo r e .
l2 ^  = 4" l2 _  . . .  (35)
th en  p r e c i s e ly  th e  same r e s u l t  i s  o b ta in e d  f o r  Thus the
value  o f ijf i s  n o t a f f e c te d  by  v a r ia t io n s  in  th e  s t a r t i n g  p o s i t io n  
o f the  av a lan ch e .
— 65 “*
The observed  p u lse  shape d u rin g  th e  p o s i t iv e  io n  t r a n s i t  
tim e i s  c a lc u la te d  from  th e  fo llo w in g  e x p re s s io n s  f o r  th e  number 
o f  p o s i t iv e  io n s  in  th e  gap d u rin g  th e  i n t e r v a l  t < t  <
n ( t )  = e^^^ f o r  0 ^ t  ^ —+ ' * v^
n ( t )  = f o r  ^ t  « t .
+   ^  ^ V  +
+
In  a p r a c t i c a l  c a s e , th e  term  w i l l  be n e g l ig ib le  in
com parison w ith  e^^^ f o r  t  ^  0 .8 l ^ ,  so t h a t
n ( t )  «  -  e * (v + t-a )  f o r  0 < t  < ?+
p ro v id ed  t h a t  ^  0 .8 t^ ,  i . e .  a  ^  0 .8 d .
T h is le a d s  to
i  = G 8 * (a -a )
a d
and co n seq u en tly
i  = ^  A  -  e "  ™
2a d V
i  = _e ! ±  J L  -------1-------  (  /  CR
* d e  1 + GRûtv  ^ \
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U sing th e  v a lu e s  o f I 2 and 1%^ from ( 6 0 ) and ( 6 I ) ,  and s e t t i n g  
CRov^ = i  i n  th e  above, r e s u l t s  i n  a r e l a t i o n s h i p  i d e n t i c a l  w ith
( 3 9 ) .
Thus th e  observed  c u r r e n t  p u ls e  shape does n o t depend 
on the  s t a r t i n g - p o in t  o f  th e  i n i t i a t i n g  e le c t r o n .  T h is  r e s u l t  
would be ex p ec ted  on p u re ly  p h y s ic a l  g ro u n d s, s in c e ,  p ro v id ed  a 
i s  n o t a  v e ry  la rg e  f r a c t i o n  o f  d , th e  number o f  e le c t ro n s  (and 
io n s )  p roduced in  th e  space 0 < x < a by  an e le c t r o n  le a v in g  th e  
cathode would be o n ly  a  sm all f r a c t i o n  o f  th e  t o t a l  number f o r  
th e  a v a lan c h e , and f a i l i n g  to  a llo w  f o r  an a v a la n c h e ’s s t a r t i n g  
a t  X = a in s te a d  of x = 0 i s  e q u iv a le n t  to  n e g le c t in g  t h i s  sm all 
f r a c t i o n  o f  the  t o t a l .  These rem a rk s , c l e a r l y ,  a p p ly  e q u a lly  
w e ll to  gases which form  n e g a tiv e  io n s ,  and t h i s  l a t t e r  case  w i l l  
n o t be d is c u s se d  in  d e t a i l .
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2 .2  The E f f e c t  o f  C i r c u i t  Induo tanoe
T h is  s e c t io n  c o n s id e rs  th e  e f f e c t  o f  a f i n i t e  in d u c tan c e  
L (see  F ig u re  1) on th e  shape o f th e  observed  c u r r e n t  p u ls e s  and 
on the  accu racy  o f  m easurem ents made from  them . I t  i s  re a so n a b le  
to  i n t e r p r e t  L a s  th e  in d u c tan ce  o f  th e  's i n g l e  t u r n ’ form ed by 
th e  f i n a l  sm oothing c a p a c i to r  o f the  d . c .  su p p ly  in  s e r i e s  w ith  
th e  d isc h a rg e  gap and r e s i s t o r  R; th e  o rd e r  o f  m agnitude o f  L 
i s  th en  m ost c o n v e n ie n tly  e s tim a te d  from th e  r e l a t i o n  g iv en  by 
A s tb u ry ^ ^ ^ ,  nam ely, L ^  (mean d iam ete r o f  tu r n  in  m e tre s )  x 10 * H. 
In  most p r a c t i c a l  c a s e s ,  t h i s  mean d iam ete r w i l l  be o f th e  o rd e r  o f 
1 m etre  o r  l e s s ,  so i t  w i l l  be s u f f i c i e n t  to  c o n s id e r  v a lu e s  o f  L 
up to  ab o u t lOfiH.
The th e o ry  w i l l  be developed  on ly  f o r  gases which do 
n o t form n e g a tiv e  io n s .
From F ig u re  1 ,
t i
= -C ^  ( V -  izR  -  L | |S -
= CR ^  + LC
d t  a t*
s in c e  V i s  assumed to  be c o n s ta n t .
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A l s o ,
i l  + i z  = i
I . e . = 1 ( 62)
— 69 “
2 .2 .1  C u rre n t d u rin g  th e  e le c t r o n  t r a n s i t  tim e
The v a lue  o f i  i s  u n a f fe c te d  by the  e x te rn a l  c i r c u i t ,  
and i s  th e r e f o re  th e  same as in  S e c tio n  2 .1 .1 .1  above, i . e .
i  = ( f  + r )  ® • • . (% )
S u b s t i tu t in g  t h i s  v a lu e  in  (6 2 ) , and s o lv in g  f o r  ig
w ith  th e  i n i t i a l  c o n d it io n s  iz  = 0 and = 0 a t  t  = 0 , g iv e s  
th e  r e s u l t
av t
i 2 = a
A ' -  B* r  2B e  ~ g - (A  + B ) t  ^ ^ -(A  -  B ) t  n
I (A + ctv ) * -  B* ( a  + ctv ) + B (A + ctv ) -  B2B
> (6 3 )
In  g e n e ra l ,  s o lu t io n s  o f (62) a re  o s c i l l a t o r y  when B i s  im ag in ary , 
i . e .  when R < a | ^  • S ince t h i s  c o n d it io n  i s  u n l ik e ly  to  be
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f u l f i l l e d  in  a p r a c t i c a l  e x p e rim e n t, o n ly  n o n - o s c i l i a to r y  
s o lu t io n s  w i l l  be co n sid ered *
The n e g a tiv e  e x p o n e n tia l  term s in  ( 6 3 ) may be n e g le c te d ;  
s u b s t i tu t in g  f o r  a ,  A and B th e n  g iv e s
S e t t in g  L = 0 red u c es  t h i s  to  e q u a tio n  (2 5 ): i n  th e  p r e s e n t  c a s e ,
i z  has a g a in  th e  same waveform a s  i ,  b u t  i s  reduced  in  m agnitude 
by a f a c to r
1
1 + CRccv + LCot^v 2 . ( 6 4 )
F o r th e  ty p ic a l  v a lu e s  C = 1 0  pF, R = 50 a -  15 cm ^,
V = 10^ cm sec , th e  v a lu e  o f ( 6 4 ) v a r ie s  from  f o r  L = 0
to  L = 10 (iH.
A t t  = T , ia  has th e  va lue
V  ® Ï' '+ C R W _ \  LCa2v_* • • (6 5 )
and i s  changing a t  th e  r a t e
d ia_  \
= 0tv_ l 2_ .  . .  (Ô6)
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2*2,2  C u rren t d u rin g  th e  p o s i t iv e  io n  t r a n s i t  tim e
As i n  S e c tio n  2 *1 ,1*2 , t  i s  n e g le c te d  i n  com parison w ith  
and the  s o lu t io n  i s  a g a in  d iv id e d  in to  th re e  p a r ts ,  i ^  and 
a re  g iven  by (29 ) and (30) r e s p e c t iv e ly ,  and the  co rre sp o n d in g  
s o lu t io n s  o f  ( 6 2 ) w ith  i a  = = 0 a t  t  = 0 a re
2 A—B — (A+B)t A+B — ( A—B ) t
 ^ ^ “2B ® -  2B ® (67)
where A and B a re  d e f in e d  i n  (ô 3 ) ; and
_  _ _ e _  A '-  B* r  2 B _ e ! l L _
2B [^(A+av^)* -  B2 (A+ocv^) + B ~ (A+ctv^) -  B
or, v e ry  n e a r ly ,
e A* -  B* , / n \
= -  —  (A+ar > -  B» ® . . .  (68)
To take  in to  acco u n t th e  i n i t i a l  c o n d it io n ,  th e  t h i r d  
component ig^  i s  in tro d u c e d , o b ta in e d  by s o lv in g  e q u a tio n  ( 6 2 ) w ith  
th e  r ig h t-h a n d  s id e  eq u a l to  z e ro , under th e  i n i t i a l  c o n d it io n  
g iven  by ( 6 5 ) and (66).  The r e s u l t  i s
A+B+otv^ -(A"»B)t A-B+cfv -(A +B )t 
2B ® “  2B ® (69)
The m easured c u r r e n t  ia  i s  o b ta in e d  by summing (6 7 ) ,  (68 ) 
and ( 6 9 ) ,  f o r  v a lu e s  o f t  up to
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2*2*3 The b a la n c e d  p u lse  shape
F o llo w in g  th e  method o f S e c tio n  2*1*1*3, ~  e^^ i s  s e t
e q u a l to  i n  (6 ? )  so t h a t ,
B ) t  A+B -(A -B )t
2B ] (70 )
As in  th e  case o f  zero  in d u c ta n c e , the  c o n tr ib u t io n  o f 
iz ^  to  th e  t o t a l  m easured c u r r e n t  i s  n e g l ig ib le  f o r  sm all v a lu e s  o f  
t , so th a t
i2  *  i2  + i2  a  c
f o r  t  sm a ll.
S u b s t i tu t in g  f o r  ±2^  from  ( ? 0 ) ,  and f o r  ±2^ from ( 6 9 ) ,
w ith  I 2 = I 2 , le a d s  to
— +
i l  ”  I l
r  ocv
[■
- (A -B )t -(A +B)t-  e (71)
The term  in s id e  th e  square  b ra c k e ts  h a s  a maximum v a lu e
A-B A+B
a t  tim e
m^ = h  )  •
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A t t h i s  p o in t ,  i t  i s  co n v en ien t to  make th e  s im p lify in g
assum ption  t h a t  th e  c i r c u i t  i s  h e a v ily  damped, i . e ,  & »  ^ ^  . 
T h is  le a d s  to
B « A = | ;
A + B »  2A = I
Under th e s e  c o n d it io n s , th e  term  in s id e  the square  
b ra c k e ts  o f ( 7 1 ) has a  maximum v a lu e  o f  ap p ro x im ate ly  u n i ty ,  
o c c u rr in g  a t  tim e
.  .  . (72)
I t  would be m ost u s e fu l  to  e x p re ss  t ^  in  te rm s o f  o n ly , b u t  
t h i s  i s  n o t p o s s ib le ;  i t  i s  p o s s ib le ,  how ever, to  make a 
num erica l c a lc u la t io n  o f some g e n e r a l i ty ,  on th e  fo llo w in g  b a s i s .  
E quation  (72 ) can be w r i t te n
^m =  R r 1
and t  i s  now ex p re ssed  in  term s o f two t im e -c o n s ta n ts ,  ÇR and —, m R
Since th e  case  o f i n t e r e s t  i s  t h a t  o f  th e  b a la n c e d  p u ls e ,  i t  w i l l
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be ta k e n  t h a t  CRocV_^  = 1 . (T h is  i s  shown below to  be th e
c o n d it io n  f o r  the  b a la n c e d  p u lse  w ith  f i n i t e  in d u c ta n c e , i f  th e
c i r c u i t  i s  h e a v i ly  damped). In  most p r a c t i c a l  c a s e s ,  a w i l l
be o f  the  o rd e r  o f  10 cm ^ , and v o f  th e  o rd e r  o f  10^ cm sec  ^ ,
■ +  ’
making ocv^  o f th e  o rd e r  o f 10^ sec  *. I t  i s ,  th e r e f o r e ,  
s u f f i c i e n t  to  c o n s id e r  v a lu e s  o f  CR in  the  ran g e  10  ^ to  10  ^ sec, 
S ince  th e  c i r c u i t  i s  h e a v ily  damped.
i . e .  CR» ^
30 t h a t  GR » %
L CRT hus, on ly  v a lu es  of — up to  w i l l  be co n sid ered #  The 
r e s u l t i n g  v a lu e s  o f t ^  a re  p lo t t e d  i n  F ig u re  9 to  a b ase  o f 
and i t  i s  seen  t h a t  t ^  i s ,  a t  g r e a t e s t ,  o f  the  o rd e r  o f  10  ^ s e c , 
and th e r e fo re  u n l ik e ly  to  be more th an  a  few p e r  c e n t o f th e  
p o s i t iv e  io n  t r a n s i t  t im e , f o r  a gap le n g th  o f th e  o rd e r  o f 1 cm#
On t h i s  b a s i s ,  t^  w i l l  be n e g le c te d  in  com parison  w ith  so 
t h a t ,  a t  th e  s t a r t  o f  a c u r r e n t  p u ls e ,  i z  r i s e s  from  ze ro  to  a  
va lue
iL = 6 + If ) I*- . . .  (75)
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i n  a  n e g l ig ib le  t im e , and th e n  m ust f a l l  to  a p la te a u  v a lu e  o f  
l 2_^ (= I 2 ) :  th e  p u lse  would have th e  g e n e ra l  appearance o f
t h a t  shown in  F ig u re  3*
Now c o n s id e r  th e  case
:+ = = 0
In  p la c e  o f e q u a tio n  ( 7 1 ) ,  th e re  r e s u l t s
I l . = 12' = ( 1 + ^  j i i _ .
i l  « Il •1 . r "4 3B—A -(A +B )t A—B — (A -B )t
f o r  sm all v a lu e s  o f  t .
U sing th e  app ro x im atio n  A ^  B, t h i s  becomes
it -  It
L
In  a p r a c t i c a l  c a s e , th e  t im e -c o n s ta n t  i s  l i k e l y
to  be n e g l ig ib le  in  com parison w ith  so t h a t  as f a r  a s  the  
re c o rd e d  p u lse  i s  co n ce rn ed , a t  sm all v a lu e s  o f  t
i t  = l 2 _  (1 +
and a p u lse  o f b a la n ce d  form  i s  o b serv ed .
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I f ,  a s  b e f o r e ,
l2^ = Ÿl2_ . . . (35)
and, a d d i t i o n a l ly ,
It. = It
th e n , s u b s t i t u t in g  f o r  I z ^ ,  I t  , and I^  ,
/  ctv \  V + (CRorv + LC ct*v v )v
i  = (1 + T s r )  = - - t  i .  + -  '2B y V + V
/  +
By analogy  w ith  (3 6 ) ,  a  new v a lu e  o f  R can  be d e fin e d  by
R, = CRccv + LCa^v v  
+  +  —
The r e l a t i o n  betw een i  and R i s  g iv en  by ( 3 7 ) ,  an d , by  the  argum ent 
g iven  in  S e c tio n  2 .1 .1 .3 ,  P and t  a re  u s u a l ly  in d is t in g u is h a b le .
T hus,
/  GCV \
. . .  (74)
and th e  c o n d it io n  f o r  a p u lse  o f r e c ta n g u la r  a p p ea ran ce , i . e .  f o r  
= 1 i s
ctv
CRov + LCa^v v = 1 + -77^  ,+ + *“ z  jj
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o r  s u b s t i t u t in g
CRccv + LCcc^v V  = 1 4-
ccv L
+ +  — R
Ï  • e (
CRccv = 1
The c o n d itio n  f o r  th e  b a la n ce d  p u lse  shape w ith  L = 0 i s  th e re fo re  
v a l id  f o r  f i n i t e  v a lu e s  o f L , p ro v id ed  o n ly  t h a t  th e  c i r c u i t  i s  
h e a v ily  damped*.
I t  i s  a ls o  o f i n t e r e s t  (compare S e c tio n  2*1.1*3) to  
examine how th e  s e n s i t i v i t y  o f  th e  system  i s  a f f e c te d  by th e  
p resen ce  o f in d u c tan ce  in  th e  c i r c u i t  o f th e  d isc h a rg e  gap .
The v o lta g e  a c ro ss  R a t  th e  b e g in n in g  o f th e  p u lse  i s  e f f e c t i v e l y
RIz__ R ^ 1  + 1 + CRccv_ + LCa2v _2  ®
from ( 6 5 ) and (7 3 ) . U sing ag a in  t h e  ap p ro x im atio n  B ^  A = ,
and n e g le c t in g  u n i ty  i n  com parison w ith  CRctv^ ( s in c e  CRccv  ^ % 1 
f o r  th e  case b e in g  c o n s id e re d , and « v ) ,  th e  v a lu e  o f  R I2 
becomes
— 70 -
T h is  i s  i d e n t i c a l  w ith  th e  r e s u l t  o b ta in e d  w ith  zero  in d u c tan c e  
(e q u a tio n  ( 3 8 ) ) .
As in  th e  c ase  L = 0 , th e  v o lta g e  a c ro ss  R on th e  
‘p la teau *  o f th e  p u lse  i s
=  R e “^ ,
and th e  same argum ent a p p lie s  a s  in  S e c tio n  2 .1 ,1 * 3 . T hus, a s  
f a r  a s  s e n s i t i v i t y  i s  concerned , th e  aim in  d e s ig n in g  the  gap 
c i r c u i t  shou ld  be to  keep down th e  c a p a c i ta n c e ,  and l i t t l e  o r  
no a t t e n t io n  need  be p a id  to  the  c i r c u i t  in d u c ta n c e .
So f a r ,  d i f f u s io n  o f  the e le c t r o n s  has been  n e g le c te d :  
i t s  e f f e c t  i s  to  red u ce  th e  r a t e  o f change o f  i z  a t  t  = T_.
(T h is  has been o b se rv ed  by Frommhold^
W ritin g
= k l ,  where k < ocv 
in  p la c e  o f (6 6 ) ,  eq n . (73) becomes
and i t  i s  c le a r  t h a t  th e  e f f e c t  o f  e le c t r o n  d i f f u s io n  w i l l  be to  
reduce  Iz  , i . e .  to  make i t  more n e a r ly  e q u a l to  Iz  .
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2 .2 .4  M easurement from  th e  observed  c u r r e n t  p u lse s  -  e r r o r s  
in tro d u c e d  by  n e g le c t in g  in d u c tan ce
P o s i t iv e  io n  d r i f t  v e lo c i ty  ( v ^ ) .  The method o f  
S e c tio n  2 .1 .1 .5  w i l l  be a p p lie d  to  th e  case  L ^  0 . Summing i z ^ ,  
i z ^ ,  ig ^ ,  g iv en  by (6 7 ) ,  (68) and ( 6 9 ) ,  w ith  t  = and n e g le c tin g  
a l l  n e g a tiv e  e x p o n e n tia l  te rm s , g iv es
_ e ad e ov+t+
~ ® T+ (A+av+)* -  B* ®
= I*+ ^1 -  1 + CRav+ + LCa^v+^ )
For th e  b a la n ce d  p u lse  shape , i f  the  c i r c u i t  i s  h e a v i ly  damped.




b u t ,  s in c e  th e  c i r c u i t  i s  h e a v ily  damped.
CR
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so t h a t ,  f o r  p r a c t i c a l  p u rp o se s .
12.^^ = 2 I 2+
a s  f o r  th e  case o f zero  in d u c tan ce  (S e c tio n  2 .1 * 1 ,5 ) ,
A p o s s ib le  so u rce  o f  e r r o r  l i e s  i n  the  n e ^ e c t  o f
e le c t r o n  d i f f u s io n ;  as has been  shown, t h i s  has th e  e f f e c t  of
re d u c in g  Iz _ , making i t  more n e a r ly  eq u a l to  l 2_ . T hus, in
o rd e r  to  o b ta in  a p u lse  o f  b a la n c e d  form , i t  w i l l  be  n e c e ssa ry  to
1
red u ce  the  va lue  o f R below  r r r — , so t h a t  GRov+ w i l l  be l e s s  th a n  
u n i ty .  The e r r o r  in  th e  m easured v a lu e  o f  w i l l  be com parable 
w ith  the  e r r o r  in tro d u c e d  by hav ing  + 7^  1 i n  th e  case  o f  zero  
in d u c tan ce  (se e  F ig u re  6 and th e  d is c u s s io n  o f S e c tio n  2 .1 .1 .5 )*
To take  a num erica l exam ple: f o r  R = 50 k2 , a = I 5 cm *,
v_ = 10^ cm sec ^ , and L = 10 pH, the  d i f f e r e n c e  betw een I 2I  and 
I 2-  i s  on ly  3?». F ig u re  6 shows th a t  i f  t  v a r ie s  from  u n i ty  by
t h i s  amount, a n e g l ig ib le  e r r o r  in  w i l l  r e s u l t .
Townsend* s f i r s t  io n iz a t io n  c o e f f i c i e n t  ( a ) . The 
f i r s t  method o f S e c tio n  2 .1 ,1 * 5 , u s in g  the c o n d it io n  CRov^ = 1 
f o r  a r e c ta n g u la r  p u ls e ,  has been  shown above to  be v a l id  a ls o  
f o r  th e  case  L /  0 , p ro v id ed  th a t  th e  c i r c u i t  i s  h e a v i ly  damped 
and t h a t  e le c t ro n  d i f f u s io n  has n e g l ig ib le  e f f e c t .
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As has been  shown e a r l i e r ,  th e  e f f e c t  o f e le c t r o n  
d i f fu s io n  i s  to  e f f e c t i v e l y  reduce  l 2_ . To o b ta in  a r e c ta n g u la r  
p u ls e ,  t h e n ,,  i t  would be n e c e ssa ry  to  reduce  R below  the  v a lue  
1
and a p p l ic a t io n  o f  th e  r e l a t i o n  CRov_  ^ = 1 would g ive  too  
h ig h  a v a lu e  o f  a . T aking  a g a in  the  n u m erica l example R = 50 k&, 
a = 15 cm ^ , v_ = 10^ cm sec \  L = 10 pH, th e  d if f e r e n c e  betw een 
I 2-  and Iz_  i s  3%, and th e  r e s u l t i n g  e r r o r  i n  m easured a m ust be 
l e s s  th a n  t h i s .  Thus th e  e r r o r  i s  l i k e l y  to  be sm a ll i n  m ost 
p r a c t i c a l  c a s e s .
The seco n d  method o f S e c tio n  2 .1 .1 ,5  i s  independen t o f  
c i r c u i t  in d u c ta n c e , s in c e  th e  a p p ro p r ia te  term  (e q u a tio n  (6 8 ))  
s t i l l  has th e  exponent ctv+.
E le c tro n  d r i f t  v e lo c i ty  ( v _ ) . Both methods o f 
S e c tio n  2 ,1 ,1 ,5  a re  c le a r ly  in d ep en d en t o f  c i r c u i t  in d u c ta n c e .
I t  may be s a id  i n  c o n c lu s io n  t h a t  th e  in d u c tan ce  o f  
the d isc h a rg e  c i r c u i t  i s  u n l ik e ly  to  have a s i g n i f i c a n t  e f f e c t  
on th e  observed  p u lse  sh ap e . Any such e f f e c t  w i l l  be most marked 
a t  the end o f  th e  e le c t r o n  t r a n s i t  t im e , and in  p r a c t ic e  m ight be 
masked by th e  e f f e c t  of e le c t ro n  d i f f u s io n ,  which becom es a p p a re n t 
a t  t h i s  tim e , o r by th e  f i n i t e  r i s e - t im e  o f  th e  o s c i l lo g ra p h
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a m p l i f ie r .  Where i t  i s  su sp ec ted  th a t  th e  p resence  o f  in d u c tan ce  
may le a d  to  e r r o r s  in  m easurem ents from  the  c u r r e n t  p u ls e s ,  i t  
w i l l  be u s e fu l  to  c a lc u la te  th e  o rd e r  o f  m agnitude o f  «
N orm ally , ^  and i f  t h i s  q u a n t i ty  i s  n o t sm all
compared w ith  u n i ty ,  th e  e r r o r s  in tro d u c e d  may n o t be n e g l i g i b le , 
and shou ld  be e s t im a te d  by th e  above m ethods.
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3 . EXPERIMENTS IN ROOM AIR
3*1 S im ultaneous R ecords o f C u rren t and L ig h t P u lse s
The c o n te n ts  of S e c tio n  3 ,1 ,1  and p a r t  o f 3 ,1 ,2  have 
p re v io u s ly  been p re s e n te d  by th e  au th o r in  a t h e s i s  f o r  
A .R .C .S .T .(^ ) . I t  i s  f e l t  t h a t  some r e p e t i t i o n  i s  d e s i r a b le  
f o r  th e  sake o f  co m p le ten ess , s in c e  some o f the o th e r  experim en ts 
d e sc r ib e d  below  used  th e  same a p p a ra tu s  and te c h n iq u e s .
Some o f th e  r e s u l t s  o f S e c tio n  3 have been p u b lish e d  
in  r e fe re n c e  ( 4 ) .
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3 ,1 ,1  A ppara tus
The h ig h -v o lta g e  supp ly
The c i r c u i t  d iagram  o f  th e  h ig h -v o lta g e  d .c .  supp ly  
used  th ro u g h o u t t h i s  work i s  shown in  F ig u re  10; a  v o l ta g e -  
do u b lin g  c i r c u i t  was u se d , each  o f the r e c t i f i e r s  MRI, MR2 
c o n s is t in g  o f  tw en ty  K8/200 ”S en -T er-C e l” r e c t i f i e r s  in  s e r i e s .  
The m il l ia m e te r  Ml in d ic a te d  th e  r e c t i f i e r  c u r r e n t  so th a t  o v er­
lo a d in g  co u ld  be av o id ed . The v o lta g e  on th e  d isc h a rg e  gap was 
in d ic a te d  by m icroam m eter M2, more a c c u ra te  m easurement b e in g  
c a r r i e d  ou t by means o f th e  c a l ib r a t e d  p o te n tio m e te r  R6 and 
galvanom eter G. R3, f o r  which a T in s le y  decade r e s i s t o r  was 
u sed , was a d ju s te d  to  a  s u i t a b l e  v a lu e  depending on the  v o lta g e  
to  be m easured.
The p a r t s  o p e ra t in g  a t  h ig h  p o t e n t i a l  were made f r e e  
from corona a t  v o l ta g e s  up to  th e  h ig h e s t  u se d , i . e ,  abou t 
120 kV.
The d isch a rg e  gap
100 kV u n ifo r m - f ie ld  b ra s s  e le c t r o d e s  o f  th e  
S tephenson p r o f i l e w e r e  u se d , w ith  a b a k e l i t e  gap s t r u c tu r e .  
W ith th e se  e le c t r o d e s ,  breakdown o ccu rs  in  the  u n ifo rm -f ie ld  
re g io n  f o r  gap le n g th s  o f  up to  about 3 ,8  cm. T e le sc o p ic  gauges
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were used  to  check th e  gap le n g th  and p a r a l le l i s m  o f  th e  e le c tro d e  
s u r fa c e s . B efo re  each ex p erim en t, the  e le c t ro d e s  were c lean ed  
w ith  "S ilv o "  p o l i s h ,  p o lis h e d  w ith  a s o f t  c lo th ,  th e n  washed w ith  
e th e r  and w iped w ith  a p ie c e  o f  c o tto n  bandage. A f te r  m ounting 
in  th e  gap s t r u c tu r e ,  th e  e le c t ro d e s  were wiped w ith  a p ie c e  o f 
n y lo n .
The com plete a p p a ra tu s
F ig u re  11 shows a b lo ck  diagram  o f  th e  a p p a ra tu s  employed 
to  r e c o rd  th e  c u r r e n t  and l i g h t  p u ls e s  s im u lta n e o u s ly .
The gap en c lo su re  was a  l i ^ t - t i g h t  b o x , s ix  f e e t  square  
and fo u r  f e e t  h ig h , made o f "C elo tex" s o f tb o a rd  on a "Dexion" 
aluminium fram ework and covered  w ith  l / 3 2 ” th ic k  alum inium . The 
so f tb o a rd  i n t e r i o r  was p a in te d  m att b la c k  and p ro v id ed  a good non­
r e f l e c t in g  s u r f a c e ;  u n fo r tu n a te ly ,  i t  a ls o  proved to  be an 
in e x h a u s tib le  source  o f  d u s t .  The h ig h -v o lta g e  co n n ec tio n  to  th e  
gap was made th rough  a 200 kV o i l - f i l l e d  b u sh in g  in  th e  top  o f  th e  
e n c lo su re , and le a d s  to  th e  p u lse  re c o rd in g  a p p a ra tu s  were ta k e n  
th rough  a l ig h t - p r o o f  s e a l  in  th e  s id e .
C u rren t p u ls e s  were d e te c te d  by th e  s e r i e s  r e s i s t o r  
R(= 1 k 2 ) , and were d is p la y e d , a f t e r  a m p l i f ic a t io n ,  on one tra c e  
o f  a doub le-be  am o s c i l lo g ra p h . L ig h t p u ls e s  were d e te c te d  by a 
p h o to m u ltip lie r  and d isp la y e d , a f t e r  a m p l i f i c a t io n ,  on th e  o th e r
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t r a c e  o f th e  o s c i l lo g r a p h .  Cathode fo l lo w e rs  p ro v id e d  the  low - 
impedance so u rc es  r e q u ir e d  to  fe e d  th e  few y a rd s  o f c o a x ia l  c ab le  
le a d in g  to  th e  a m p l i f ie r  in p u ts ;  each  o f  th e se  c a b le s  was 
te rm in a te d  a t  th e  a m p l i f ie r  end in  a 1002 r e s i s t o r .
D e ta i ls  o f  th e  e le c t r o n ic  a p p a ra tu s  have been  g iv en  in  
re fe re n c e  ( 3 ) .  The response  o f t h i s  a p p a ra tu s  was such as  to  
produce no v i s i b l e  d i s t o r t i o n  o f th e  p u ls e s  a t  th e  sweep speeds 
used*
A p l e n t i f u l  supp ly  o f p rim ary  e le c t r o n s  was e n su red  by
in s e r t in g  a cap su le  o f radium  brom ide mg radium  e q u iv a le n t)
in  a h o le  d r i l l e d  a x i a l l y  from  th e  back  o f  th e  upper e le c tro d e
to  w ith in  1 mm o f th e  sp a rk in g  su rfa ce *
The tim e-b ase  o f th e  o s c i l lo g ra p h  was t r ig g e r e d  a t  
random w hile  th e  v o lta g e  on th e  d isc h a rg e  gap was w ith in  2^  o f  the  
breakdown v a lu e , and th e  t r a c e s  pho to g rap h ed . The use  o f  h ig h e r  
sweep speeds th an  th o se  re p o r te d  below  was p re c lu d e d  b y , f i r s t l y ,  
th e  l im i te d  w r i t in g  speed  o f  the  o s c i l lo g ra p h  on s in g le - s h o t  
o p e ra t io n , and , seco n d ly , th e  reduced  p r o b a b i l i t y  o f  re c o rd in g  a 
u s e fu l  p a r t  o f  a p u lse  when t r ig g e r in g  th e  tim e -b a se  a t  random*
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3 ,1*2  R e s u lts
F ig u re  12 shows a r e s u l t  t y p ic a l  o f  th o se  o b ta in e d  
w ith  the  a p p a ra tu s  d e sc r ib e d  above, under c o n d it io n s  # ie r e  b re a k ­
down o ccu rred  in  th e  re g io n  o f  un ifo rm  e l e c t r i c  f i e l d .  C u rren t 
p u ls e s  in  acco rd  w ith  th e  th e o ry  o f  S e c tio n  2 were re c o rd e d , w ith  
i  «  1 , (Compare th e  t h e o r e t i c a l  p u lse  shape o f  F ig u re  7; n o te  
t h a t  th e  t o t a l  r e s i s ta n c e  i n  s e r ie s  w ith  the  gap com prised  R3 o f  
F ig u re  10 in  s e r i e s  w ith  R o f F ig u re  11 , i . e .  a  t o t a l  o f 
a p p ro x im ate ly  100 k& ). Some o f th e  rec o rd ed  p u ls e s  o v e rla p  on 
th e  tim e s c a le  on accoun t o f  th e  s tro n g  i r r a d i a t i o n  employed.
The s t a r t  o f  each  in d iv id u a l  c u r r e n t  p u lse  i s  accom panied by th e  
occu rrence  o f  a l i g h t  p u ls e ,  s in c e  i t  i s  a t  t h i s  i n s t a n t  ( th e  
e le c t r o n  t r a n s i t )  th a t  e x c i ta t io n  o f th e  gas m o lecu les o c c u rs .
The le n g th s  o f  the  in d iv id u a l  c u r r e n t  p u lse s  a re  c o n s ta n t  f o r  a 
g iven  gap le n g th ,  w h ile  t h e i r  h e ig h ts  v a ry  s t a t i s t i c a l l y .
C u rren t p u ls e s  o f la rg e  am plitude  a re  accom panied by l i g h t  
p u ls e s  o f la rg e  am p litu d e .
The o rd e r  o f m agnitude o f th e  avalanche c a r r i e r -  
numb e r s  in  F ig u re  12 can be e s t im a te d  on th e  fo llo w in g  b a s i s .
The p o s i t iv e  io n  t r a n s i t  tim e i s  2 p s e c . ,  and a c u r r e n t  o f the  
o rd e r  o f 1 pA. flow s f o r  t h i s  p e r io d ,  so t h a t  th e  t o t a l  charge  
c a r r i e d  by the  p o s i t iv e  io n s  i s  ~12 x 10  ^  ^ coulom bs. I f  th e se
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io n s  a re  s in g ly  c h a rg ed , t h e i r  number w i l l  be o f  the  o rd e r  o f  10®, 
and i t  i s  re a so n a b le  to  tak e  t h i s  a s  th e  o rd e r  o f m agnitude o f  th e  
o a rr ie r-n u m b e r . ( i n  an e le c t ro n e g a t iv e  g a s , the  c a rr ie r -n u m b e r  
o f  an avalanche i s  u s u a l ly  tak e n  to  mean th e  number o f  e le c t r o n s ,  
r a t h e r  th a n  th e  number o f p o s i t iv e  io n s .  The q u a n ti ty  c a lc u la te d
above i s  — — , and , from e q u a tio n  ( 52) (page 5 6 ) ,
^2+  ^ ( a -p )d
e -  1 -  f  ®
1 -  f n»(d )
so i t  i s  n e c e ssa ry  to  m u lt ip ly  t h i s  q u a n t i ty  by  ( 1 - f )  to  o b ta in  
th e  c o r r e c t  c a r r ie r -n u m b e r . T h is  i s  n o t v e ry  s ig n i f ic a n t  i f  
on ly  th e  o rd e r  o f  m agnitude i s  r e q u i r e d ) .  In  view  o f t h i s  la rg e  
o a rr ie r-n u m b e r , i t  may be t h a t  th e  p u ls e s  re c o rd e d  h e re  do n o t 
r e p r e s e n t  in d iv id u a l  a v a lan c h es , b u t  c h a in s  o f  av a lan ch es  produced 
by  a p h o to - e le c t r i c  secondary  mechanism, w hich would n o t be d e te c te d  
w ith  th e  co m p ara tiv e ly  slow  re c o rd in g  speeds u sed .
U sing th e  same a p p a ra tu s , th e  ex p erim en ts  d e sc r ib e d  
above were ex tended  to  gap le n g th s  o f  up to  5 cm ., i . e .  in to  th e  
re g io n  where breakdown no lo n g e r  ta k e s  p la c e  betw een th e  f l a t  
s u r fa c e s  of th e  e le c t r o d e s ,  b u t  betw een t h e i r  cu rved  e d g es , in
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th e  re g io n  o f  non-uniform  e l e o t r i o  f i e l d .  F ig u re  13 shows a 
r e s u l t  o b ta in e d  under th e s e  c o n d it io n s .
The c u r r e n t  p u lse  shapes o b ta in e d  in  th e  experim en ts 
so f a r  d e sc r ib e d  a re  summarized i n  F ig u re  14* Type "a" i s  
c h a r a c t e r i s t i c  o f u n i fo rm - f ie ld  c o n d it io n s ;  " b " , non-un ifo rm .
In  the  3 cm g ap , l e s s  th a n  2}o o f  the  o b se rv ed  p u lse s  were o f the 
"b" ty p e , and in  th e  4 cm gap a s im ila r  f r a c t i o n  o f  "a" type  
o ccu rred  -  t h i s  l a s t  r e s u l t ,  how ever, was l a t e r  found  to  have been 
in f lu e n c e d  by th e  p ro x im ity  o f  the p h o to m u lt ip l ie r  to  th e  gap , 
th e  p ro p o r t io n  o f  "a" ty p e  in c re a s in g  when the p h o to m u lt ip l ie r  
was moved f u r th e r  away. The o ccu rren ce  o f  p u ls e s  o f  type  ”b ” 
i n  th e  3 cm gap was p ro b ab ly  a ls o  due to  th e  p ro x im ity  o f  the 
p h o to m u l t ip l ie r ,  s in c e  no p u ls e s  o f t h i s  type  were re c o rd e d  in  
th e  ex p erim en ts  d e sc r ib e d  in  S e c tio n  4 ,  below , where gaps o f  up 
to  3 cm were u se d .
The p o s i t iv e  ion  t r a n s i t  t im e s  in d ic a te d  by  the  "a" 
type p u lse s  a re  shown i n  F ig u re  14 , The method o f  S e c tio n  2 .1 ,1 ,5  
was u sed , the  tim e  s ta te d  be ing  t h a t  tak e n  by  th e  c u r r e n t  to  f a l l  
to  one h a l f  o f  i t s  "p la te a u "  v a lu e  -  th e  e f f e c t  o f  n e g a tiv e  io n  
fo rm a tio n  w as, th e r e f o r e ,  n o t tak en  in to  a c c o u n t, and t h i s  
p ro b ab ly  le a d s  to  an e r r o r  o f a few p e r  c e n t .  I n  F ig u re  15# 
th e se  v a lu e s  a re  compared w ith  t r a n s i t  tim es c a lc u la te d  on the 
a r b i t r a r y  assum ption  o f  a  p o s i t iv e  io n  m o b il i ty  o f 2 ,6  cm^ sec  ^ V %
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i . e ,  o f  a  p o s i t iv e  io n  d r i f t  v e lo c i ty  o f  2 ,6  E om sec   ^ where E 
i s  th e  e l e c t r i c  f i e l d  s t r e n g th  i n  V cm  ^ ; th e  v a lu e s  o f  E were 
in  the  range 26 < E ^ 31 KV cm"*.
The shape o f  th e  "h" type  o f  p u lse  may be u n d ers to o d  
q u a l i t a t i v e l y  i f  i t  i s  borne in  mind t h a t  the  v a s t  m a jo r ity  o f 
th e  p o s i t iv e  io n s  a re  form ed c lo s e  to  th e  anode, so th a t  
p r a c t i c a l l y  a l l  c ro s s  th e  gap to g e th e r ;  th e  in s ta n ta n e o u s  c u r r e n t  
which th e y  produce in  th e  e x te r n a l  c i r c u i t  w i l l  v a ry  w ith  t h e i r  
v e lo c i ty ,  and hence w ith  th e  f i e l d  s t r e n g th  as th e y  move a c ro ss  
th e  gap . S ince th e  f i e l d  has a  minimum va lue  in  the  c e n tre  of 
th e  gap and i s  o f  maximum v a lu e  a t  th e  e le c t r o d e s ,  a c u r r e n t  
minimum would be ex p ec ted  to  occur d u rin g  th e  p o s i t iv e  io n  t r a n s i t ­
tim e , T h is i n t e r p r e t a t i o n  i s  su p p o rted  by r e s u l t s  o b ta in e d  in  
th e  non-uniform  e l e c t r i c  f i e l d  betw een s p h e r ic a l  e le c t r o d e s :
F ig u re  16 shows r e s u l t s  o b ta in e d  w ith  t h i s  geom etry.
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3 ,2  R ecords o f  In d iv id u a l  C u rre n t P u ls e s
The u s e fu ln e s s  o f the  method d e sc r ib e d  above, i , e ,  
t r ig g e r in g  th e  o s c i l lo g ra p h  tim e-b ase  a t  random , i s  l im i te d  to  
th e  case  o f s tro n g ly  i r r a d i a t e d  g a p s . In  o rd e r  to  re c o rd  
c u r r e n t  p u ls e s  in  a d isc h a rg e  gap s u b je c t  on ly  to  n a tu r a l ly  
o c c u rr in g  r a d i a t i o n ,  th e  a p p a ra tu s  o f  F ig u re  17 was s e t  u p . No 
arrangem en ts were made to  re c o rd  l i ^ t  p u ls e s  in  t h i s  c a se .
The h ig h -v o lta g e  su p p ly , d isc h a rg e  gap , and gap 
e n c lo su re  have been d e sc r ib e d  in  S e c tio n  3 ,1 ,1 *  D e ta i ls  o f  th e  
e le c t r o n ic  a p p a ra tu s  a re  as fo llo w s ;
Cathode fo llo w e r : As in  r e fe re n c e  ( 3 ) ,  o f s t r a i g h t ­
fo rw ard  d e s ig n , u s in g  th e  two 
h a lv e s  o f an ECC81 in  p a r a l l e l .
T rig g e r  a m p lif ie r : A1 a m p lif ie r  o f  C ossor 1035 
o s c i l lo g r a p h ,  sw itched  to  a 
s u i ta b le  ra n g e .
D elay l i n e : A pproxim ately  400 y a rd s  o f c o a x ia l  
c a b le ,  w ith  th e  ends o f the  
b ra id in g  connec ted  to g e th e r  by a 
s h o r t  le n g th  o f  16 swg copper w ire .
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S ig n a l a m p l i f ie r :
O sc illo g ra p h :
A1 a m p lif ie r  o f M illiard  L101 
o s c i l lo g ra p h , sw itch ed  to  a s u i t a b le  
ra n g e , cascaded  w ith  th e  p u lse  
a m p li f ie r  d e s c r ib e d  i n  r e f e r e n c e  ( 3 ) ,
S ou thern  In s tru m e n ts  TR12 t r a n s ie n t  
r e c o r d e r .
The bandw idth  o f th e  s ig n a l  a m p lif ie r  was about 1+ Me/s 
so t h a t  th e  r i s e - t im e  o f the  system  was n e g l ig ib le  f o r  the  sweep 
speeds u sed .
R e s u lts  were o b ta in e d  in  1 , 2 and 3 om gaps, a  ty p ic a l  
o sc illo g ra m  b e in g  shown in  F ig u re  18, As e x p e c te d , in d iv id u a l  
c u r r e n t  p u ls e s  were re c o rd e d , w ith  none o f  the  "o v e rlap p in g "  th a t  
was e v id e n t in  th e  case  o f s tro n g ly  i r r a d i a t e d  gaps. The c u r re n t  
p u lse  le n g th s  ob serv ed  in  th e se  experim en ts a re  in  s a t i s f a c to r y  
agreem ent w ith  th o se  observed  in  the  r a d iu m - ir ra d ia te d  g ap s .
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3*3 The Anode Glow
The r a t e  o f  o ccu rren ce  o f  l i g h t  p u ls e s  i n  a h ig h ly  
s t r e s s e d  d isc h a rg e  gap may he in c re a s e d  by s t ro n g  i r r a d i a t i o n  w ith  
rad ium , to  such an e x te n t  t h a t  a  f a i n t  glow in  the  r e g io n  o f  the 
anode becomes v i s i b l e  to  an o b se rv e r  in  a s u i t a b ly  da rkened  room . 
T h is  glow has been  pho tographed  by Tedford^^  ^ i n  a 2 cm u n ifo rm - 
f i e l d  gap in  room a i r .
As p a r t  o f  the  p re s e n t  work, th e  glow was pho to g rap h ed  
over a ran g e  o f  gap le n g th s ,  in  o rd e r  to  observe any change a s  the  
gap le n g th  in c re a s e d  to  v a lu e s  where breakdown o c c u rre d  i n  the  non- 
un iform  f i e l d  r e g io n , , The gap was view ed o b liq u e ly , a s  shown in  
F ig u re  19.
The camera was f i t t e d  w ith  a  4" s i l i c a  le n s  o f f ix e d  
a p e r tu re  f / 4 ,5 ;  exposu res o f one m inute were made on 5G-91 f i lm  
( l l f o r d ) ,  fo llo w ed  by developm ent in  ID.11 ( I l f o r d )  f o r  10 m inu tes 
a t  20®C,
The r e s u l t s  o b ta in e d  a re  shown in  F ig u re  20 , and 
in d ic a te  a d isc -sh a p e d  re g io n  o f  lu m in o s ity  a t  sm a ll gap le n g th s ,  
g iv in g  way to  a "h a lo "  a t  5 om, w ith  a  t r a in s i t io n  re g io n  e x e m p lif ie d  
by the  r e s u l t  o b ta in e d  a t  4  cm. These r e s u l t s  a re  in  a cc o rd  w ith  
th e  view  t h a t  th e  glow r e s u l t s  from  the passage  o f  e le c t r o n
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a v a la n c h e s , which occu r o n ly  in  th e  u n i fo r m - f ie ld  r e g io n  o f  the  
gap fo r  sp a c in g s  o f  3 cm and l e s s ,  and o n ly  in  th e  non-uniform  
f i e l d  r e g io n  a t  5 om, h u t in  b o th  re g io n s  a t  4  cm,
A f u r t h e r  experim en t in d ic a te d  th a t  th e  t r a n s i t i o n  to  
a h a lo  was com plete a t  4*2 cm. T h is  l a s t  f ig u r e  i s  n o t v e ry  
m ean in g fu l, how ever, and would no doub t be changed s l i g h t l y  by  
d i f f e r e n t  p h o to g rap h ic  p ro c e s s in g .
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3 .4  D iscu ssio n
A ll  o f  th e  above r e s u l t s  a re  in  acco rd  w ith  th e  v iew  
th a t  th e  observed  c u r r e n t  and l i g h t  p u lse s  a re  produced by- 
in d iv id u a l  e le c t r o n  av a lan ch es  (o r  by groups o f  av a lan ch es  
o c c u rr in g  p r a c t i c a l l y  s im u lta n e o u s ly ) . The u se fu ln e s s  o f  any 
r e s u l t s  o b ta in e d  in  room a i r  i s ,  how ever, n e c e s s a r i ly  l im i te d  by 
two f a c t o r s ;  f i r s - t l y ,  by the  sm all range o f  e x p e rim e n ta l c o n d it io n s  
th a t  i t  i s  p o s s ib le  to  co v er; and se c o n d ly , by  com plete la c k  o f 
con-tro l ov e r th e  c o n te n t  o f  -the ex p erim en ta l g a s . In  th e  p r e s e n t  
c a s e , th e  u s e fu ln e s s  o f  th e  r e s u l t s  was a ls o  l im i te d  by th e  
i n a b i l i t y  o f th e  a p p a ra tu s  to  re c o rd  s a t i s f a c t o r i l y  th e  r a p id ly  
r i s i n g  e le c t r o n  components o f th e  c u r r e n t  p u lse s*
I t  was th e r e f o r e  d ec id ed  to  ex ten d  th e  work i n  an  e n c lo se d  
system , where d i f f e r e n t  g ases co u ld  be u se d , a t  p re s s u re s  up to  
n e a r ly  a tm o sp h eric . To s im p lify  the  a p p a ra tu s , o n ly  c u r r e n t  
p u ls e s  were re c o rd e d ; and th e  p u lse  re c o rd in g  system  was r e ­
d es ig n ed  to  a llo w  d e ta i l e d  in v e s t ig a t io n  o f  the e le c t r o n  com ponents. 
Some o f  th e  r e s u l t s  o b ta in e d  in  th e  e n c lo se d  system  have been  
r e p o r te d  in  r e f e r e n c e s  ( 4 6 ) and (4 7 ) .
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if. EXPERBÎENTS IN AN ENCLOSED SYSTEM
if.1 A pparatus
if»1*1 The E x p erim en ta l V e sse l
The experim en ts d e sc r ib e d  in  t h i s  s e c t io n  were c a r r i e d  
o u t w ith  th e  d isc h a rg e  gap e n c lo se d  in  th e  v e s s e l  shown in  
F ig u re  21. T h is c o n s is te d  o f a g la s s  c y l in d e r  o f a p p ro x im ate ly  
30 cm d iam ete r and 60 cm le n g th ,  c lo se d  a t  the  ends by a n ic k e l -  
p la te d  b ase  p la te  and a  P e rsp ex  to p - p ie c e .  Neoprene L -g a sk e ts  
form ed th e  s e a ls  betw een th e  c y l in d e r  and i t s  e n d -c o v e rs , A 
p e r f o r a te d  m eta l s c re e n , p a r t l y  e n c lo s in g  th e  v e s s e l ,  se rv ed  to  
red u ce  p ick -u p  o f e l e c t r i c a l  i n te r f e r e n c e .
I t  was found  n e c e ssa ry  to  t r e a t  a l l  g la s s  and P ersp ex  
su r fa c e s  w ith  a  w a te r - r e p e l la n t  p r e p a ra t io n ;  i f  t h i s  was n o t done, 
sp u rio u s  p u ls e s  were o b se rv ed . The p re p a ra t io n  used  was 
"R e p e lc o a t" , a 2^ v /v  s o lu t io n  o f d ic h lo ro d im e th y ls i la n e  i n  carbon  
t e t r a c h l o r i d e ,
The e le c t r o d e s  were o f  co p p er, o f s im i la r  d e s ig n  to  th e  
b ra s s  e le c tro d e s  u sed  in  th e  work d e sc r ib e d  in  S e c tio n  3 , above. 
E le c tro d e  sp ac in g s  o f 1 , 2 and 3 cm were u se d , and in  a l l  c ase s  th e
p u lse  shapes observed  were c h a r a c t e r i s t i c  o f uniform  e l e c t r i c  
f i e l d  c o n d it io n s .
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The low er e le c tro d e  ( th e  cathode in  th e se  ex p erim en ts)  
was i s o l a t e d  from  e a r th  by a P erspex  in s u la t in g  su p p o r t , and cou ld  
be moved v e r t i c a l l y  by a m icrom eter arrangem ent o p e ra te d  t h r o u ^  
a sim ple vacuum s e a l ;  th e  m icrom eter s c a le  was re a d  th rough  th e  
p e r f o r a t io n s  in  th e  m e ta l s c re e n , A b a re  t in n e d  copper w ire  
connected  th e  cathode to  a  le a d - th ro u g h  te rm in a l  (n o t shown in  
F ig u re  21) on th e  b a s e - p la te ,  and thence  to  the  s e r ie s  r e s i s t o r ,  
which was mounted in  a sc re e n in g  e n c lo su re  on the  low er s id e  o f  
the  b a s e - p la te ,  to g e th e r  w ith  a cathode fo llo w e r  (se e  F ig u re  24)* 
The low er e le c tro d e  assem bly was f ix e d  to  the b a s e -p la te  v ia  o v e r­
s iz e  b o l t  h o le s ,  i n  o rd e r  to  a llo w  s u f f i c i e n t  h o r iz o n ta l  movement 
f o r  th e  e le c t r o d e s  to  be a lig n e d .
The upper e le c tro d e  was su p p o rted  by a P ersp ex  s t r u c tu r e  
screw ed to  the  b a s e - p la te .  T h is  e le c t ro d e  cou ld  be t i l t e d  in  
o rd e r  to  make th e  sp a rk in g  su r fa c e s  a c c u ra te ly  p a r a l l e l .
A te le s c o p ic  gauge was used  in  i n i t i a l  ad ju s tm en t o f the 
e le c t r o d e s ,  w ith  th e  g la s s  c y lin d e r  removed -  subsequen t changes 
in  gap le n g th  were a ch iev ed  by th e  m icrom eter arrangem ent m entioned , 
w ith o u t d is tu rb in g  th e  v e s s e l .
— 98 —
4 .1*2  The Vaouum System
D e ta i ls  o f  th e  a p p a ra tu s  u sed  f o r  e v a c u a tin g  th e  
e x p e rim e n ta l v e s s e l  a re  g iv en  in  F ig u re  22*
U sing the  r o t a r y  pump a lo n e , th e  p re s su re  (m easured 
on th e  therm ocouple gauge) co u ld  be reduced  to  below  10 * mm Hg, 
w h ile  use o f the  d i f f u s io n  pump b ro u g h t th e  p re s s u re  in  th e  v e s s e l  
down to  ab o u t 5 x 10  ^ mm Hg (m easured on the  io n  g a u g e ).
To t e s t  the  system , th e  p re s su re  was red u ced  to  about 
10  ^ mm Hg by means o f the  r o ta r y  pump, and th e  r a t e  o f r i s e  o f 
p re s s u re  m easured a f t e r  c lo s in g  th e  ta p  "A". A r a t e  o f  r i s e  o f  
l e s s  th an  10  ^ mm Hg p e r  hour was ach iev ed  a f t e r  ru n n in g  a glow 
d isc h a rg e  o f  2 to  3 mA f o r  ab o u t 30 m in u te s , a t  a p re s s u re  o f a  
few mm Êg, w ith  a d ish  c o n ta in in g  phosphorous p en to x id e  in s id e  
th e  v e s s e l .  Removal o f  th e  P erspex  p a r t s  from  the  v e s s e l  r e s u l te d  
i n  low er r a t e s  o f p re s s u re  r i s e ,  su g g e s tin g  t h a t  c o n s id e ra b le  o u t-  
g a ss in g  o f  th e  P erspex  was ta k in g  p la c e .  O u tgassing  by  b ak in g  
was n o t c o n s id e re d  p r a c t i c a b le .
In  th e  m a jo r i ty  o f the  e x p e rim e n ts , th e  v e s s e l  was 
ev acu a ted  by means o f th e  r o ta r y  pump a lo n e , and in  a l l  oases th e  
e x p e rim e n ta l work concluded  w ith in  one hour o f f i l l i n g  th e  v e s s e l .  
T hus, th e  p a r t i a l  p re s s u re  o f any im p u r i t ie s  added to  th e
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e x p e rim e n ta l gas as a r e s u l t  o f th e  im p e rfe c tio n s  o f  th e  system  
would amount to  l e s s  th a n  2 x 10  ^ mm Hg; w ith  th e  lo w e st gas 
p re s s u re s  u se d , i . e .  ^400 mm Hg, t h i s  r e p r e s e n ts  an added im p u rity  
c o n te n t  o f <0.02^6, In  some experim en ts w ith  n i tro g e n  where the  
d i f f u s io n  pump was used  in  o rd e r  to  reduce  th e  i n i t i a l  p re s s u re  to  
below  10  ^ mm Hg, th e  r e s u l t s  were in d is t in g u is h a b le  from  
com parable r e s u l t s  o b ta in e d  u sin g  th e  r o t a r y  pump o n ly .
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4*1*3 The Gas System
The g as  system  i s  shown in  F ig u re  23 . Gas was a d m itte d  
from  a s t e e l  c y l in d e r  v ia  a n eed le  v a lv e  and abou t 30 in ch e s  o f  
ru b b e r vaouum tu b in g ; th e  rem ainder o f  the  system  was c o n s tru c te d  
o f  g l a s s ,  ex cep t f o r  th e  m eta l s topcock  84 . The g la s s  tube was 
o f  10 mm bore*
F le x ib le  j o in t s  J1 to  J3 were made w ith  s h o r t  p ie c e s
o f  ru b b e r  vacuum tu b in g  pushed over th e  ends o f  th e  g la s s  tu b e ,
and re n d e re d  v acu u m -tig h t w ith  A piezon "Q” s e a l in g  compound.
These j o in t s  enab led  th e  hum id ify ing  s o lu t io n  to  be ohanged o r 
rem oved, and a lso  p ro te c te d  th e  g lassw are  from s t r a i n  when a d ju s t ­
ments were b e in g  c a r r i e d  o u t on th e  v e s s e l .  The rem ain in g  
jo in t s  were o f s ta n d a rd  o o n io a l ty p e , and were s e a le d  w ith  A piezon 
"M" g re a s e ,  as were th e  stopcocks 81 to  84 .
The system  cou ld  be ev acu a ted  back  to  th e  need le  v a lv e ,
which was made v acu u m -tig h t by r  e p la c in g  th e  norm al pack in g  r in g
w ith  a ru b b e r 0 - r in g .
The m ercury manometer in d ic a te d  th e  gas p re s su re  to  
w ith in  -  1 mm Hg. 8 in ce  th e  lo w e s t p re s s u re s  u sed  were n o t much 
l e s s  th a n  100 mm Hg, i t  i s  c o n s id e re d  t h a t  the  p re s s u re  m easurement 
was a c c u ra te  to  b e t t e r  th a n  -  1fo under a l l  c o n d it io n s .  A l l  p re s s u re  
re a d in g s  were red u ced  to  e q u iv a le n t  v a lu e s  a t  20°G.
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The c o ld  t r a p ,  c o n ta in in g  s o l id  carbon d io x id e  and 
a lc o h o l ,  was m ain ta in ed  a t  a tem p era tu re  below  -65°C d u r in g  
pumping and e x p e rim e n ts . I t s  purpose was to  m inim ize th e  
q u a n ti ty  o f m ercury vapour e n te r in g  th e  v e s s e l  from  th e  m anom eter. 
P ie c e s  o f z in c  sh e e t were p la c e d  in s id e  th e  c o ld  t r a p  f o r  th e  
pu rpose  of t ra p p in g  m ercury which would o th erw ise  v a p o ris e  when 
th e  t r a p  became warm, a s  i t  d id  o v e rn ig h t .  S topcock 82 was 
c lo s e d  when th e  a p p a ra tu s  was n o t in  u se .
The d ry in g  column was packed w ith  M olecu lar S ie v e , 
ty p e  5A; t h i s  i s  a  d eh y d ra ted  c r y s t a l l i n e  z e o l i t e  which i s  
c la im ed  to  have e x c e l le n t  w a te r-a b s o rb in g  p r o p e r t i e s .
In  th e  experim en ts in  n i tro g e n  and d ry  a i r ,  no h u m id ify ing  
s o lu t io n  was used  -  th e  f l a s k  shown in  F ig u re  23 was empty in  
th o se  cases -  and a d is h  c o n ta in in g  phosphorous p en to x id e  was k e p t 
in s id e  th e  v e s s e l ;  i t  was found t h a t  t h i s  c o l le c te d  c o n s id e ra b le  
amounts o f w a te r , presum ably desorbed  from  th e  P e rsp e x . I t  was 
n e c e ssa ry  to  change th e  phosphorous p en to x id e  once p e r week, and 
t h i s ,  o f c o u rse , in v o lv e d  l e t t i n g  a tm ospheric  a i r  in to  th e  v e s s e l .  
A f te r  t h i s  had been  done, th e  system  was f lu s h e d  a t  l e a s t  fo u r  
tim es w ith  th e  ex p e rim e n ta l g a s .
F or th e  humid a i r  e x p e rim e n ts , th e  hum id ify ing  s o lu t io n  
used  was a s a tu ra te d  s o lu t io n  o f p o tass iu m  hydroxide w ith  excess
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s o l i d  p r e s e n t .  T h is  sho u ld  m a in ta in  th e  r e l a t i v e  h u m id ity  o f  
th e  a i r  e n te r in g  th e  v e s s e l  a t  86%, A f u r th e r  q u a n ti ty  o f  th e  
same h u m id ify in g  s o lu t io n  was p la c e d  in  a  d is h  in s id e  th e  v e s s e l  
i t s e l f .  (The phosphorous p en to x id e  k e p t in  th e  v e s s e l  d u rin g  
th e  ex p erim en ts  in  d ry  g ases  w as, o f c o u rs e , rem oved). The 
d ry in g  column, i n  t h i s  c a s e ,  se rv ed  to  p re v e n t m ig ra tio n  o f  w a te r  
vapour from  th e  hu m id ify in g  s o lu t io n  to  th e  c o ld  t r a p ,  M iere i t  
would have f ro z e n  and b lo ck ed  th e  system .
The c y lin d e r  n i tro g e n  used  was o f th e  ”o x y g e n -fre e ” 
g ra d e , and i t s  com position  was s t a te d  by th e  s u p p l ie r s  to  be a s  
fo llo w s ;
N itro g en  >99.9/^
Oxygen <10 V.P,M,
Carbon d io x id e  <20 V.P.M.
Carbon monoxide NIL
O ther carbon  compounds <5 V.P.M.
Hydrogen <20 V.P.M. ( u s u a l ly  NIL)
Neon '^OO V.P.M.
Helium ' ^ 6 0  V.P.M,
Argon p ro b a b ly  <50 V.P.M.
The c y lin d e r  a i r  used  was s t a te d  to  be f r e e  from  carbon  d io x id e .
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4 .1 .4  The P u lse  R eoording  A p p ara tu s
A b lo ck  diagram  o f  th e  a p p a ra tu s  used  to  re c o rd  th e  
p u ls e s  i n  th e se  ex p erim en ts  i s  g iv en  in  F ig u re  24.
The h ig h -v o lta g e  supp ly  was t h a t  shown i n  F ig u re  10 ,
The purpose o f th e  a d d i t io n a l  0 ,5  MS2 r e s i s t o r  and 5000 pF 
c a p a c i to r  was to  m inim ise th e  e f f e c t s  o f in a d v e r te n t  breakdown 
o f  th e  e x p e rim e n ta l g a s ; such breakdown d id  occu r o c c a s io n a l ly  
i n  th e  p re s e n t  w ork, and appears  to  have had no e f f e c t  on th e  
m easurem ents. The gap v o lta g e  v/as m easured w ith  an accu racy  of
b e t t e r  th a n  -  1/a, so t h a t ,  w ith  an e r r o r  in  p re s s u re  measurement
+ Eo f < -  1/0 (se e  S e c tio n  4#1#3, a b o v e ), th e  t o t a l  e r r o r  i n  — i s
c o n s id e re d  to  be l e s s  th a n  -  2^ o i n  a l l  th e  m easurem ents re p o r te d  
below .
The p u lse  re c o rd in g  system  was e s s e n t i a l l y  s im ila r  to  
t h a t  o f F ig u re  1?^ b u t  u sed  d i f f e r e n t  a p p a ra tu s  in  o rd e r  to  ach iev e  
in c re a s e d  s e n s i t i v i t y  and bandw id th .
F ig u re  25 shows the  c i r c u i t  diagram  o f th e  cathode 
fo llo w e r  and s ig n a l  a m p l i f i e r . The cathode fo llo w e r  was o f  sim ple 
d e s ig n , u s in g  th e  two h a lv e s  o f an ECC81 in  p a r a l l e l .  The d e la y  
l i n e  c o n s is te d  o f ap p ro x im ate ly  200 y a rd s  o f  c o a x ia l  c a b le ,  
te rm in a te d  in  a  75^ r e s i s t o r  a t  th e  p r e - a m p l i f ie r  end -  t h i s
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r e s i s t o r  p ro v id ed  a  m atched te rm in a tio n  f o r  th e  c ab le  and was 
a ls o  th e  cathode fo llo w e r  lo a d . The s ig n a l  a m p li f ie r  had two 
i d e n t i c a l  s ta g e s ,  each  c o n s is t in g  o f an a m p l i f ie r  (EP91 ) p lu s  
cathode fo l lo w e r  ( h a l f  o f  ECC81), The anode lo a d s  o f th e  EP91*s 
c o n ta in e d  in d u c ta n c e , a d ju s te d  e x p e r im e n ta lly  f o r  minimum r i s e ­
tim e w ith  no o v e rsh o o t, u s in g  an in p u t p u lse  w ith  1 m|iseo r i s e ­
tim e , Two se p a ra te  ECC81*s were used  in  th e  a m p li f ie r  to  a v o id  
th e  r i s k  o f i n s t a b i l i t y  r e s u l t i n g  from  th e  use o f  two v a lv e s  in  
th e  same en v e lo p e . Power su p p lie s  to  th e  ca thode  fo llo w e r  and 
s ig n a l  a m p lif ie r  were o b ta in e d  from b a t t e r i e s ,  to  avo id  p o s s ib le  
t ro u b le  w ith  hum and sm oothing. The m easured v o lta g e  g a in  o f  
cathode fo llo w e r  p lu s  s ig n a l  a m p lif ie r  was ap p ro x im ate ly  8 t im e s , 
and th e  m easured r i s e - t im e  about 25 mpsec.
F o r th e  t r ig g e r  a m p l i f ie r ,  th e  A1 a m p lif ie r  o f  a 
M ullard  L101 o s c i l lo g ra p h  was u se d .
The o s c i l lo g ra p h  was a  T e k tro n ix  541 A, w ith  p lu g - in  
p r e - a m p li f ie r  type  53/54L,
An o v e ra l l  s e n s i t i v i t y  o f 0 ,6  mV/cm was o b ta in e d , w ith  
a r i s e - t im e  o f 0 ,0 3  M-seo, P ick -up  o f  e x tra n eo u s  s ig n a ls  was 
found to  s e t  a l i m i t  to  th e  s e n s i t i v i t y  t h a t  c o u ld  u s e f u l ly  be 
employed.
— 1 05 “
The v a lu e  o f  th e  gap s e r i e s  r e s i s t o r  R was a d ju s te d  
to  g iv e  c u r r e n t  p u ls e s  of b a lan ced  form . C a rrie r-n u m b ers  
(d e s ig n a te d  "n” in  th e  F ig u re s  showing o sc illo g ra m s)  were 
e s t im a te d  a s  d e sc r ib e d  in  S e c tio n  5 .1#2 ( p .8 7 ) .
A cap su le  o f radium  brom ide (0 .4 6  mg Ra e q u iv a le n t)  
was mounted on the  o u ts id e  of th e  p e r fo ra te d  m eta l sc ree n  
shown in  F ig u re  21 , i . e .  ap p ro x im ate ly  12 cm from  the a x is  o f  
th e  gap , in  o rd e r  to  p ro v id e  p u lse s  of u s e fu l  am plitude  a t  
i n t e r v a l s  o f th e  o rd e r  o f  one second.
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4*2 R e s u l ts  in  N itro g en
F ig u re  26 shows an o sc illo g ra m  o f  a  c u r r e n t  p u lse  o f 
"b a la n c e d ” fo rm , observed  in  n itro g e n *  (Compare F ig u re  2 , 
showing c a lc u la te d  p u lse  sh a p e ) .
The method o f S e c tio n  2 .1 * 1 .5 , above, was used  to
o b ta in  v a lu e s  o f p o s i t iv e  ion  t r a n s i t  t im e , and hence d r i f t
v e lo c i ty ;  th e  v a lu e s  o b ta in e d  in  any one s e t  o f  m easurem ents
a t  a g iv en  p re s s u re  and gap le n g th  were c o n s is te n t  to  w ith in  -  2^
o f th e  a v e ra g e , t h i s  d if f e r e n c e  b e in g  a t t r i b u t a b l e  to  e x p e rim e n ta l
in a c c u ra c y . (T h is  was a ls o  th e  case  in  d ry  and humid a i r ) . The
v a lu e s  o f d r i f t  v e lo c i ty  a re  p lo t t e d  in  F ig u re  27 as a  fu n c t io n  o f  
E—. A d i f f e r e n t  curve was o b ta in e d  f o r  e ac h  gap le n g th ,  t h a t  f o r
3 cm a g re e in g  w e ll w ith  th e  r e s u l t s  r e p o r te d  by  From m hold^^^
u s in g  a  3 om gap. The c o n s ta n t-p re s s u re  l i n e s  o f F ig u re  27
i l l u s t r a t e  how t h i s  dependence o f  m easured d r i f t  v e lo c i ty  on gap
le n g th  may be in te r p r e te d  a s  a dependence on p re s su re  a s  w e ll as 
Eon —. (S in ce  i t  was n e c e ssa ry  to  work a t  v o lta g e s  c lo se  to  b re a k ­
down v a lue  to  o b ta in  p u ls e s  o f  u s e fu l  a m p litu d e , i t  was n o t
Ep r a c t i c a l  to  change th e  p re s s u re  a t  a f ix e d  v a lu e  o f — w ith o u t 
a ls o  a l t e r i n g  gap le n g th ) .  F u r th e r  d a ta  i s  r e q u ire d  to  
a s c e r t a in  w hether th e  d i f f e r e n c e s  do in  f a c t  r e s u l t  from  a p re s su re  
e f f e c t .
-  107 -
The e le c t ro n  components o f some ty p ic a l  c u r r e n t  
p u ls e s  a re  shown in  F ig u re  28; t h e i r  d u ra t io n  i s  lo n g e r  th a n  
would be ex p ec ted  on th e  b a s i s  o f  an e le c t r o n  d r i f t  v e lo c i ty  
o f  th e  o rd e r  o f  10^ om sec  ^ , and th e  in d iv id u a l  p u ls e s  show 
v a r i a t io n s  in  th e  waveform, a s  w e ll as the  d u ra t io n ,  o f  th e  
e le c t r o n  component. The r i s e - t im e s  o f some o f th e s e  p u lse s  
were m easured (from  0 to  90/o o f f i n a l  a m p litu d e ) , and gave th e  
d i s t r i b u t i o n  shown in  F ig u re  29. Due to  th e  r a t h e r  h ig h  
n o ise  l e v e l ,  m easurem ents on th e  e le c t r o n  components i n  n i t ro g e n  
co u ld  be c a r r i e d  o u t a c c u ra te ly  on ly  a t  the  h ig h e s t  pd v a lu e s ,  
where th e  l a r g e s t  p u ls e s  o ccu r; i t  i s  f o r  t h i s  re a so n  th a t  
r e s u l t s  a re  n o t  g iv en  o v er a range  o f  e x p e rim e n ta l c o n d i t io n s .
The above r e s u l t s  were o b ta in e d  u s in g  v o l ta g e s  0.5/^ 
to  1/0 below  th e  breakdown v a lu e . When th e  v o lta g e  was in c re a s e d  
to  w ith in  abou t 0.2/^ o f breakdown v a lu e , c u r r e n t  p u ls e s  o f  th e  
form shown in  F ig u re  30 were re c o rd e d . Vogel and R aether^^^  
have found  s im i la r  p u ls e s  and i n t e r p r e t  them as ev idence  o f  th e  
o ccu rren ce  o f p h o to - e le c t r i c  secondary  p ro ce ss  -  secondary  
av a lan ch es  a re  produced in  a tim e i n te r v a l  s h o r t  in  com parison 
w ith  th e  p o s i t iv e  io n  t r a n s i t  tim e and th e  summation o f th e  
r e s u l t i n g  p u lse s  o f  s t a t i s t i c a l l y  v a ry in g  am p litude  cau ses  th e  
i r r e g u l a r  p u lse  s t r u c tu r e  o b se rv ed . No ev idence  was found in
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th e  p re s e n t  work f o r  th e  o ccu rren ce  o f a seconda iy  p ro c e ss  
in v o lv in g  p o s i t iv e  io n s ,  a lth o u g h  V ogel and R a e th e r  d e te c te d  
such a  p ro c e ss  in  t h e i r  experim en ts in  n itro g e n ^
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4 . 3  R esu lt s  in  Dry Air
F ig u re  31 shows a ty p ic a l  c u r r e n t  p u lse  o f  b a la n c e d  
form  re c o rd e d  in  d ry  a i r ,  where a n e g a tiv e  io n  component i s  in  
ev id e n ce . (Compare th e  t h e o r e t i c a l  c u r r e n t  p u lse  sh ap e . F ig u re  7 ) .  
The b eg in n in g  o f th e  n e g a tiv e  io n  component i s  marked by an a b ru p t
change o f  slope  a t  th e  end of th e  e le c t r o n  component; t h i s  i s  seen
more c l e a r l y  in  the  o sc illo g ra m  o f F ig u re  32, where i t  w i l l  a ls o  
be n o ted  t h a t  the  d u ra t io n  o f th e  e le c t r o n  component i s  o f  th e
same o rd e r  o f  m agnitude as in  th e  case  o f  n i t ro g e n .
Measurement o f p o s i t iv e  io n  t r a n s i t  t im e , a cc o rd in g  to  
e q u a tio n  (5 8 ) ,  r e q u i r e s  a knowledge o f f  = p /a .  F or th e  p r e s e n t
( 1 3 )m easurem ents, th e  v a lu e s  o f t) and a g iven  by  P ra sa d  and Graggs^ '  
were u se d , and th e  r e s u l t i n g  p o s i t iv e  io n  d r i f t  v e lo c i t i e s  a re  
p lo t t e d  in  F ig u re  33. The r e s u l t s  o b ta in e d  a t  d i f f e r e n t  gap 
le n g th s  a re  l e s s  c l e a r l y  spaced th a n  in  th e  case  o f n i t r o g e n ,  and 
ag a in  th e re  i s  agreem ent w ith  From m hold's r e s u l t s ^ ^ ^ ^ .
M easurem ents o f p u lse  r i s e - t im e s  (O to  30% o f  f i n a l  
e le c t r o n  component am p litu d e ) in d ic a te  c o n s id e ra b le  v a r i a t i o n s  
under f ix e d  c o n d it io n s  o f  gas p re s s u re  and gap le n g th  (see  
F ig u re s  34 and 3 5 ) . Mean r i s e - t im e  was found to  be ro u g h ly  
p ro p o r t io n a l  to  gap le n g th ,  and F ig u re  36 shows v a lu e s  o f  th e  
r a t i o  (mean r i s e - t i m e ) / ( gap le n g th )  as a fu n c t io n  o f  —.
— 110 —
The o sc illo g ra m s  o f F ig u re  34 show how th e  p resen ce  
o f n o ise  makes i t  d i f f i c u l t  to  e s tim a te  a c c u ra te ly  th e  end o f
I 2
th e  e le c t r o n  t r a n s i t  t im e , and th u s  th e  v a lu e  o f  ^  = — -  which
^ 2-
may th e r e f o re  appear to  v a ry  from one p u lse  to  a n o th e r  under 
f ix e d  c o n d i t io n s .  T h is  d i f f i c u l t y  i s  g r e a te r  in  the  c a se  o f 
gases which form  n e g a tiv e  io n s  th a n  i n  th o se  w hich  do n o t .
An a tte m p t was made to  m easure f  = “n /a  from  th e
observed  p u ls e s ,  u s in g  e q u a tio n  (5 9 ) ,  i . e .  assum ing t h a t  th e  d r i f t
v e lo c i t i e s  o f  th e  p o s i t iv e  and n e g a tiv e  io n s  a re  e q u a l .  A t any
one c o n d it io n  o f  gas p re s su re  and gap le n g th ,  th e  m easured v a lu e s
showed la rg e  and a p p a re n tly  random v a r i a t io n s  from  one p u lse  to
th e  n e x t;  th e  r e s u l t s  a re  shown in  F ig u re  37 , where th e  v e r t i c a l
l i n e s  r e p r e s e n t  th e  range of s c a t t e r ,  and th e  p o in ts  in d ic a te
mean v a lu e s ,  (V/here th e  p resen ce  o f  n o ise  on th e  o sc illo g ra m s
caused  ^ to  appear to  vary  random ly betw een p u ls e s ,  i t  made no
I 2 %2s i g n i f i c a n t  d if f e r e n c e  to  t h i s  r e s u l t  w hether —  o r —  was m easured).
-*•2-  -*-2+
The use o f gap v o l ta g e s  w ith in  about 0.2/à o f breakdoTm 
value  le d  to  a  d i s t o r t e d  p u lse  sh ap e , w ith  c o n s id e ra b le  v a r ia t io n s  
betw een in d iv id u a l  p u ls e s  re c o rd e d  under Ihe same c o n d it io n s ;
F ig u re  38 shows ty p ic a l  o s c i l lo g ra m s . T h is  b e h a v io u r  i s  s im ila r  
to  t h a t  o b se rv ed  in  n i tro g e n  (F ig u re  30) and can  a g a in  be
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i n t e r p r e t e d  a s  th e  r e s u l t  o f  a p h o to - e le o t r io  secondary  p ro c e ss  
As in  n i t r o g e n ,  no ev idence  v/as found f o r  the  o ccu rren ce  o f  a  
secondary  p ro c e ss  in v o lv in g  p o s i t iv e  io n s .
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4#4 R e s u lts  in  Humid A ir
The c u r r e n t  p u ls e s  re c o rd ed  i n  humid a i r ,  Tiiien view ed 
on a  slow  tim e -b a s e , a re  o f the  same g e n e ra l  form  as i n  d ry  a i r ,  
(F ig u re  31 ) ,
In  m easurem ents o f p o s i t iv e  io n  d r i f t  v e lo c i ty
(e q u a tio n  ( 5 8 ) ) ,  th e  a and H v a lu e s  o f P ra sa d  and C raggs '^^^  were
u se d . F ig u re  39 shows th e  r e s u l t s ,  a lo n g  w ith  Frommhold*s r e s u l t s
in  d ry  a i r ,  re p e a te d  h e re  to  f a c i l i t a t e  com parison w ith  F ig u re  33.
The p ro p o r t io n  o f  w a te r vapour p re s e n t  v a r ie d  from  abou t 2% a t
th e  h ig h e s t  t o t a l  p re s s u re s  ( lo w e s t — v a lu e s )  to  about 20% a t  th e
lo w e s t p re s s u re s  (h ig h e s t  — v a lu e s ) ;  t h i s  v a r i a t i o n  may be
e x p ec te d  to  b r in g  abou t a dependence o f  d r i f t  v e lo c i ty  on t o t a l
Ep re s s u re  as w e ll  a s  on —, so t h a t  an a p p a re n t dependence on gap
P
le n g th  would r e s u l t ,  a s  in  th e  case  o f  n i t r o g e n .  F ig u re  39
shows t h a t  th e  m easured d r i f t  v e l o c i t i e s  do in  f a c t  appear to  be
low er a t  lo n g e r  gap le n g th s .  Some o f th e  s c a t t e r  in  th e  r e s u l t s
may be due to  th e  f a c t  t h a t  th e  tem p era tu re  v a r ie d  betw een th e
l i m i t s  o f  18 to  22*0 d u rin g  th e  e x p e rim e n ts , w ith  consequen t
v a r i a t i o n  in  w a te r vapour p r e s s u re .  The r e s u l t s  f o r  
E _ _
— > 40 V cm (mm Hg)  ^ depend on th e  e x t r a p o la t io n  o f P ra sa d  
and Graggs* r e s u l t s  f o r  a and H beyond th e  range  o f t h e i r  m easure­
m en ts.
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The e le c t r o n  oomponents o f th e  p u ls e s  observed  i n  
humid a i r  d i f f e r  c o n s id e ra b ly  from  th o se  in  n i tro g e n  and d ry  
a i r ;  t h e i r  d u ra t io n  i s  s h o r t e r ,  and th e y  do n o t show marked 
v a r i a t io n s  from  one p u lse  to  th e  n e x t.  A t y p ic a l  o sc illo g ra m  
i s  shown in  F ig u re  40 . W ith in c re a s e d  gap v o lta g e  o sc illo g ra m s  
o f th e  type  shown in  F ig u re  41 o c c u r , and can be i n t e r p r e t e d  a s  
th e  r e s u l t  o f  secondary  avalanche p ro d u c tio n  by a p h o to - e le c t r i c  
p ro c e s s .  U sing o sc illo g ra m s  o f  t h i s  form , i t  i s  p o s s ib le  to  
e s t im a te  the  t r a n s i t - t i m e  o f  e le c t ro n s  a c ro ss  th e  gap a s  the  
i n t e r v a l  betw een th e  s t a r t  o f one avalanche and th e  s t a r t  o f  
th e  su cceed in g  ava lanche  in  th e  " c h a in ” . V alues o f e le c t r o n  
d r i f t  v e lo c i ty  o b ta in e d  from  such m easurem ents a re  shown in  
F ig u re  42 , and a re  in  good agreem ent w ith  v a lu e s  e x tr a p o la te d  
from th e  r e s u l t s  o f  N ie ls e n  and B r a d b u r y ^ o b t a i n e d  in  d ry  a i r  
f o r  ^  < 22 V cm  ^ (mm Hg)  ^• V a r ia t io n s  in  th e  m easured t r a n s i t  
tim e (se e  F ig u re  43) a re  a t t r i b u t a b l e  to  e x p e rim e n ta l e r r o r .
As in  d ry  a i r ,  an a tte m p t was made to  m easure th e  
r a t i o  y\/o. from  th e  o bserved  p u ls e s ,  b u t random v a r ia t io n s  were 
a g a in  found  from  one p u lse  to  the  n e x t,  and th e  range o f  m easured 
v a lu e s  was ap p ro x im ate ly  th e  same a s  in  d ry  a i r .
When the  v o lta g e  a c ro ss  th e  d isc h a rg e  gap was in c re a s e d  
above th e  v a lu e s  used  in  the  ex p erim en ts  j u s t  d e s c r ib e d , lo n g e r
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c h a in s  o f p h o to - e le c t r i c  secondary  av a lan ch es were re c o rd e d , th e  
e le c t r o n  oomponents o f th e  p u ls e s  ta k in g  th e  form  i l l u s t r a t e d  in  
F ig u re  4 4 . These o sc illo g ra m s  a re  v i r t u a l l y  f r e e  from  n o is e ,  on 
accoun t o f th e  v e ry  much in c re a s e d  p u lse  am plitude  (made p o s s ib le  
by th e  low v a lu e  o f secondary  c o e f f i c i e n t  t h a t  o b ta in s  in  humid 
a i r '  ) ;  th e  i r r e g u l a r  s t r u c tu r e  o f  th e  c u r r e n t  grow th i s  
e n t i r e l y  due to  th e  s t a t i s t i c a l  n a tu re  o f th e  p r o c e s s .  The 
e f f e c t iv e  r i s e - t im e s  o f the  p u ls e s  a re  now com parable w ith  th o se  
m easured in  n i tro g e n  and d ry  a i r ,  and the  e le c t r o n  components 
show th e  same k in d  o f  random v a r i a t io n s  i n  form  and d u ra t io n  (se e  
F ig u re  4 5 ) .  Under th e s e  c o n d it io n s ,  th e  p u ls e s  do n o t  ap p ea r 
to  be d i s to r te d  when viewed on a tim e-b ase  s u f f i c i e n t l y  slow to  
show th e  whole o f  th e  p o s i t iv e  io n  t r a n s i t .  As i n  n i tro g e n  an d  
d ry  a i r ,  se v e re  d i s t o r t i o n  o f  th e  p u lse  shape o ccu rs  when the  gap 
v o lta g e  i s  r a i s e d  to  w ith in  ab o u t 0^2% o f  breakdown va lue  ; t h i s  
i s  shown in  F ig u re  46 . P u ls e s  o f t h i s  form were observed  i n  a l l  
th re e  gases a t  pd v a lu e s  up to  th e  maximum o f '^ 1 0 0  mm Hg om, 
in d ic a t in g  th e  occu rren ce  o f a  c o n s id e ra b le  p h o to - e le c t r i c  secondary  
e f f e c t ,  w h ile  no o th e r  k in d  o f secondary  p ro c e ss  was d e te c te d  in  
any o f th e  p r e s e n t  ex p e rim e n ts .
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4 . 5  D iscu ss io n
The in t e r p r e t a t i o n  o f th e  anom alously  lo n g  r i s e - t im e s  
o f th e  c u r r e n t  p u ls e s  ob se rv ed  here  and in  o th e r  w o rk ^ ^^ ^ ^^  
r e q u i r e s  comment.
In  th e  p re s e n t  r e s u l t s ,  th e  ex tended  r i s e - t im e s  in
n i tro g e n  and  d ry  a i r  were accom panied by v a r i a t io n s  in  th e  form
and d u ra t io n  o f  the  e le c t r o n  com ponents, and s im i la r  v a r i a t io n s
were observed  in  humid a i r  when th e  p u lse s  were c l e a r l y  th e  r e s u l t s
o f  c h a in s  o f  p h o to - e le c t r i c  secondary  a v a la n c h e s . On t h i s  b a s i s ,
i t  i s  re a so n a b le  to  suppose t h a t  th e  p u lse s  h e re  o b se rv ed  in  n i tro g e n
and d ry  a i r  each re p re s e n te d  many in d iv id u a l  a v a la n c h e s . In  humid
( 15 )a i r ,  th e  reduced  v a lu e  o f Y would a llo w  in d iv id u a l  av a lan ch es 
to  grow to  a  d e te c ta b le  m agnitude w ith o u t th e  in te r v e n t io n  o f a 
secondary  p ro cess*
As has been  m entioned  above (S e c tio n  1 ,4 ) ,  experim en ts
c a r r ie d  o u t by Frommhold^^^^ and D ibbern^^^^ in d ic a te  a norm al
r a t e  o f  avalanche grow th i n  n i t r o g e n ,  and le n d  su p p o rt to  th e
(8)su g g e s tio n  t h a t  Vogel^ '  d id  n o t observe in d iv id u a l  av a lan ch es  
in  n i t r o g e n ,  b u t  c h a in s  o f p h o to - e le c t r i c  seco n d aries#  I f  t h i s  
i s  so , i t  seems l i k e l y  t h a t  th e  e f f e c t  o f  add ing  methane to  th e  
e x p e rim e n ta l gas was in  t h i s  case  sim ply  to  reduce  Y and 
th u s  a llo w  in d iv id u a l  ava lanches to  be d e te c te d .  On th e  o th e r
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hand , i t  seems u n l ik e ly  t h a t  s t a t i s t i c a l  v a r ia t io n s  in  th e  number 
o f  secondary  av a lan ch es  p e r  p u ls e  would a llo w  a c o n s is te n c y  o f  
-  5/0 i n  m easured r i s e - t i m e ,  a s  r e p o r te d  by  V ogel,
I n  th e  case  o f d ry  a i r ,  b o th  Vogel^^^ and From m hold^^^ 
r e p o r t  an ex ten d ed  r i s e - t i m e ,  b u t  w ith o u t th e  l a r g e  v a r i a t i o n s  
re c o rd e d  in  th e  p re s e n t  w ork. T h is  d isc re p a n c y  may be e x p la in e d  
i f  i t  i s  assumed t h a t ;  ( i )  th e  nom ina lly  d ry  a i r  used  in  th e  
p r e s e n t  experim en ts was n o t i n  f a c t  co m p le te ly  d ry , and ( i i )  t h a t  
th e  p ro c e s s e s  r e s u l t i n g  in  th e  ex tended  r i s e - t im e  a re  in  some way 
"quenched” by th e  a d d i t io n  o f  a  v e ry  sm a ll q u a n ti ty  o f w a te r
( 8lv ap o u r, a s  th e y  are  by th e  a d d it io n  o f  methane '  -  i t  would th e n  
be re a so n a b le  to  i n t e r p r e t  th e  p u lse s  rec o rd ed  here  as th e  r e s u l t s  
o f  c h a in s  o f  a v a la n c h e s , each  in d iv id u a l  avalanche hav ing  a 
"norm al” e le c t r o n  component. The f i r s t  o f  th e  above two 
assum ptions i s  su p p o rted  by  th e  f a c t  t h a t  th e  phosphorous pen to x id e  
p la c e d  in s id e  the  v e s s e l  absorbed  w a te r  o v er a  p e r io d  o f  a few days 
(S e c t io n  4*1*3, ab o v e). The second assum ption  i s  g iven  some 
su p p o rt by th e  f a c t  t h a t  in  humid a i r  p h o to - e le c t r i c  seco n d a ry  
av a lan ch es  occu r a t  an i n t e r v a l  c lo s e ly  com parable w ith  the  ex p ec ted  
e le c t r o n  t r a n s i t  tim e (S e c tio n  4 ,4  and re fe re n c e  ( 1 7 ) ) ,  in d ic a t in g  
th a t  th e  ex tended  r i s e - t im e  does n o t o ccu r in  the  p resen ce  o f 
co m p a ra tiv e ly  la rg e  q u a n t i t ie s  o f w a te r v ap o u r. F u r th e r  
e x p e rim e n ta l work i s  n e c e ssa ry  to  d e te rm in e  how sm all a q u a n ti ty
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o f  Yra,ter vapour i s  e f f e c t i v e  in  b r in g in g  abou t th e  red u ced  r i s e ­
tim e .
I t  i s  c l e a r  t h a t  i n  th e  i n t e r p r e t a t i o n  o f  r e s u l t s  o f 
t h i s  k in d , a  knowledge o f  Y a c c u ra te  to  a t  l e a s t  an o rd e r  o f 
m agnitude i s  im p o r ta n t, s in c e  t h i s  d e te rm in es  th e  mean s iz e  o f  
in d iv id u a l  a v a la n c h e s . As Y i s  l i k e l y  to  be m arkedly  dependent 
on th e  s t a t e  o f th e  ca thode  s u r f a c e ,  and p o s s ib ly  on sm all 
q u a n t i t i e s  o f im p u r i t ie s  in  th e  g a s , i t  would be o f  advantage to  
m easure Y, e .g .  by th e  method o f  S e c tio n  1 .1 .3 ,  in  the same 
a p p a ra tu s  a s  used f o r  the  p u lse  e x p e rim e n ts , u n d e r, a s  n e a r ly  
as p o s s ib le ,  th e  same c o n d it io n s .
A ttem p ts  to  measure p /a  from  the c u r r e n t  p u lse s  gave 
u n s a t i s f a c to r y  r e s u l t s ,  in  b o th  d ry  and humid a i r .  These 
m easurem ents may have been  a f f e c te d  by the  o ccu rren ce  o f a 
detachm ent p ro c e s s ' , b u t  t h i s  would n o t e x p la in  the  la r g e
degree o f  s c a t t e r  in  th e  r e s u l t s .  Some o f  t h i s  s c a t t e r  -  b u t  
c e r t a i n l y  n o t a l l  -  i s  due to  n o ise  on th e  o s c i l lo g ra m s , which 
w i l l  have to  be red u ced  in  fu tu r e  work.
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5 , CONCLUSIONS
I t  i s  c le a r  from  the  r e s u l t s  o f the  p re s e n t  w ork, and 
o f  o th e r  work, d e s c r ib e d  above, th a t  o b se rv a tio n  o f  the  c u r r e n t  
and l i g h t  p u ls e s  produced by e le c t r o n  av a lan ch es  p ro v id e s  a 
u s e f u l  method o f  in v e s t ig a t in g  th e  p ro c e sse s  t h a t  occu r i n  a 
d is c h a rg e  gap p r i o r  to  breakdow n, and can be u s e fu l  in  id e n t i f y in g  
th e  secondary  mechanisms in v o lv ed  in  the  breakdown p ro c e ss  i t s e l f ,  
a s  w e ll  a s  y ie ld in g  n u m erica l d a ta  on such q u a n t i t i e s  a s  e le c t r o n  
and p o s i t iv e  io n  d r i f t  v e lo c i t i e s ;  such o b se rv a tio n s  have h ere  
been  made, u s in g  gas p re s s u re s  up to  n e a r ly  a tm o sp h e ric , w ith  
v o l ta g e s  c lo se  to  breakdown v a lu e , f o r  gap le n g th s  o f th e  o rd e r  of 
c e n tim e tre s  -  c o n d it io n s  which a re  o f  c o n s id e ra b le  te c h n o lo g ic a l  
i n t e r e s t .  There ap p ea rs  to  be no re a so n  why th e s e  ex p erim en ts  
sho u ld  n o t be cap ab le  o f  e x te n s io n  to  h ig h e r  gas p re s s u re s  and 
lo n g e r  gap le n g th s ,  i . e .  to  cover breakdown a t  h ig h e r  v o l ta g e s  
th a n  th o se  used  in  th e  p re s e n t  work; an e x te n s io n  o f  th e  e x i s t in g  
th e o ry  o f c u r r e n t  p u lse  shape has shown th a t  th e  e f f e c t s  o f 
in d u c ta n c e , which i s  l i k e l y  to  be g r e a te r  in  system s u s in g  h ig h e r  
v o l ta g e s ,  w i l l  g e n e ra l ly  le a d  to  n e g l ig ib le  e r r o r .
The r e s u l t s  o f S e c tio n s  3 and 4 ,  above, a re  in  acco rd  
w ith  th e  view t h a t  each  p u lse  i s  th e  r e s u l t  o f  e i t h e r  an 
in d iv id u a l  e le c t r o n  avalanche  o r  o f a  "cha in"  o f ava lanches 
g e n e ra te d  in  r a p id  su c c e ss io n  by a p h o to - e le c t r ic  secondary
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m echanism. In  th e  case  o f  humid a i r ,  p u lse s  have been  re c o rd e d  
w hich c le a r ly  r e s u l t  from  in d iv id u a l  e le c t r o n  a v a la n c h e s , w h ile  
th e  r e s u l t s  o b ta in e d  in  n i tro g e n  and d ry  a i r  su g g e s t c h a in s  o f  
a v a la n c h e s . I f  t h i s  i n t e r p r e t a t i o n  i s  a c c e p te d , th e n  th e  
p re s e n t  r e s u l t s  in  d ry  a i r  a re  n o t in  acco rd  w ith  r e s u l t s  o b ta in e d  
by Prommhold^^^^; t h i s  may be due to  th e  p resen ce  o f a  sm a ll 
q u a n ti ty  o f  w a te r vapour in  th e  nom ina lly  d ry  a i r  used  h e re .
The v a lu e s  o f p o s i t iv e  io n  d r i f t  v e lo c i ty  m easured in  
n i tro g e n  show what m ight be i n te r p r e te d  as a  p re s su re  e f f e c t ,  b u t 
i t  i s  n o t c le a r  i f  t h i s  i s  th e  c o r r e c t  i n t e r p r e t a t i o n .  In  d ry  
a i r ,  any such e f f e c t  i s  c o m p ara tiv e ly  s l i g h t ,  and , i f  a n y th in g , 
in  the o p p o s ite  se n se . M easured p o s i t iv e  io n  d r i f t  v e l o c i t i e s  
in  humid a i r  {*^6% r e l a t i v e  hum id ity ) a re  low er th an  in  d ry  a i r ,  
by up to  ab o u t 2 0 /  f o r  th e  same v a lu e  o f
A p h o to - e le c t r i c  secondary  p ro c e ss  h as  been  i d e n t i f i e d  
in  n i t ro g e n ,  d ry  a i r ,  and humid a i r .  Secondary a v a la n c h e s  
i n i t i a t e d  by p o s i t iv e  io n  bombardment o f  the cathode d id  n o t 
occur in  any o f the p re s e n t  e x p e rim e n ts .
The e f f e c t  o f a  d e c rea se d  v a lu e  o f seco n d ary  io n iz a t io n  
c o e f f i c i e n t  i n  humid a i r  was e v id e n t from  th e  in c re a s e d  am plitude  
o f the  p u ls e s .
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M easured v a lu e s  o f Tj/a from the p u ls e s  observed  in  
d ry  and humid a i r  a re  u n s a t i s f a c to r y .
The u s e fu ln e s s  o f  the  p re s e n t  r e s u l t s  was l im i te d  by 
th e  p resen ce  o f  n o ise  on th e  o sc illo g ra m s , due m ain ly  to  p ic k ­
up o f e x te r n a l  in te r f e r e n c e :  i t  i s  im p o rtan t to  p ro v id e  more
e f f e c t iv e  sc re e n in g  a g a in s t  such in te r f e r e n c e  in  f u tu re  e x p e rim e n ts .
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6 . RECQIvîMENDATIONS FOR FURTHER WORK
The need f o r  more e f f e c t iv e  sc re e n in g  a g a in s t  e x te r n a l  
in te r f e r e n c e  has a lr e a d y  been  m entioned on th e  p re c e d in g  p ag e .
In  o rd e r  to  c l a r i f y  th e  d is c re p a n c ie s  t h a t  e x i s t  
betw een th e  p re s e n t  r e s u l t s  and th o se  r e p o r te d  by V o g e l a n d  
Prommhold^^^^, w ith  re fe re n c e  to  th e  r i s e - t im e s  o f  th e  c u r r e n t  
p u ls e s ,  i t  i s  im p o rtan t to  c a r ry  o u t ex p erim en ts  which w i l l  d e te c t  
in d iv id u a l  av a lan ch es w ith  c e r t a in ty .  T h is  w i l l  r e q u ir e  e f f i c i e n t  
sc ree n in g  from  e l e c t r i c a l  i n te r f e r e n c e ,  and p ro b ab ly  a ls o  th e  use 
o f a lo w -n o ise  p r e - a m p l i f ie r .  The problem  may be s im p li f ie d  
somewhat by th e  cho ice  o f a cathode m a te r ia l  which w i l l  g ive a 
low er secondary  c o e f f i c i e n t ,  and hence l a r g e r  in d iv id u a l  p rim a iy  
a v a lan c h es . I t  may be n e c e ssa ry  to  " t r ig g e r "  la rg e  numbers of 
p rim ary  a v a lan c h es  s im u lta n e o u s ly , f o r  example by th e  r a d i a t i o n  
from a sp a rk  in  an a u x i l l i a r y  gap , o r by  a - p a r t i c l e  i r r a d i a t i o n  
( e .g .  from  po lon ium ).
I t  would a ls o  be u s e fu l  to  c a r ry  o u t m easurem ents o f 
the  d .c ,  g a s -a m p lif ie d  c u r r e n t ,  and o b ta in  v a lu e s  o f  Y from  lo g ^  i ,  
d c u rv e s . T h is  vrauld g ive  a u s e fu l  in d ic a t io n  o f  th e  average  
s iz e  o f avalanche l i k e l y  to  occur i n  a g iv en  c o n d itio n *
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I t  i s  im p o rtan t to  be su re  o f the  d ry n ess  o f the gases  
in  f u tu r e  e x p e rim e n ts , p a r t i c u l a r l y  in  th e  case  o f d ry  a i r ,  where 
i t  ap p ea rs  from th e  p re s e n t  work th a t  a sm a ll p ro p o r t io n  o f  w ater 
vapour may have a d r a s t i c  e f f e c t  on th e  r a t e  o f  ava lanche  grow th. 
S ince  o u tg a s s in g  o f  th e  P erspex  was su sp e c te d  to  ta k e  p la c e  in  th e  
p r e s e n t  w ork, i t  i s  su g g e s te d  t h a t  an a l t e r n a t iv e  m a te r ia l  should  
be u sed , O u tgassing  o f  the  system  by b a k in g  would p ro b ab ly  be 
o f c o n s id e ra b le  a d v an tag e .
P erhaps th e  m ost im p o rtan t f e a tu r e  o f  experim en ts o f  
t h i s  type i s  t h a t  th e y  appear to  be cap ab le  o f  e x te n s io n  to  the  
c a se s  o f h ig h e r  gas p re s s u re s  and lo n g e r  g ap s .
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PART I I
MEASUREMENT OF INITIAL IONIZATION CURRENTS TOTH RADIUM IRRADIATION
1 ,  INTRODUCTION
The purpose o f t h i s  p a r t  o f th e  work was to  o b ta in  
in fo rm a tio n  on th e  f a c to r s  a f f e c t in g  th e  i n t e n s i t y  o f io n iz a t io n  
p roduced  in  a d isc h a rg e  gap by  a c ap su le  o f radium  bromide 
e n c lo se d  in  th e  anode, ap p ro x im ate ly  1 mm b eh in d  the  sp a rk in g  
s u r f a c e ,  a s  i n  some o f  th e  experim en ts d e sc r ib e d  i n  S e c tio n  3 o f 
P a r t  I ,  above. To t h i s  end, m easurem ents were made o f i n i t i a l  
io n iz a t io n  c u r r e n t ,  i . e .  th e  c u r r e n t  f lo w in g  in  th e  gap w ith  an 
a p p lie d  v o lta g e  s u f f i c i e n t l y  h ig h  to  en su re  c o l l e c t io n  o f a l l  th e  
f r e e  o h a rg e - c a r r ie r s  produced in  th e  gap , b u t  n o t h ig h  enough to  
a llo w  f u r th e r  io n iz a t io n  by c o l l i s i o n  o f th e se  c h a r g e - c a r r ie r s  
w ith  n e u t r a l  m o le cu le s ,
V7hen a cap su le  c o n ta in in g  radium  i s  en c lo sed  in  an 
e le c tro d e  a s  in  th e  p re s e n t  e x p e rim e n ts , i t  i s  re a so n a b le  to  
assume t h a t  th e  a - r a d ia t io n  from  th e  rad ium  i s  co m p le te ly  ab so rb ed  
in  the  m eta l su rro u n d in g  i t ,  and th u s  has no e f f e c t  on th e  gas in  
th e  gap . I t  i s  th e r e f o re  n e c e ssa ry  to  c o n s id e r  th e  e f f e c t s  o f 
p and Y r a d ia t io n s  o n ly . When th e se  p ass  th ro u g h  s o l i d s ,  th e y  
produce c o n s id e ra b le  secondary  r a d i a t i o n ;  t h i s  was d isc o v e re d  
f a i r l y  e a r ly  in  th e  s tu d y  o f  r a d i o a c t i v i t y ,  and some o f th e  
r e s u l t s  o f the  e a r ly  ex p erim en ts  w i l l  now be sum m arised.
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1,1 E a r ly  E xperim ents on Secondary R a d ia tio n
E xperim ents were c a r r ie d  o u t by  E v e ^ ^ ^ \  in  which th e  
p and Y r a d ia t io n s  from  radium  were a llow ed  to  f a l l  on samples 
o f  d i f f e r e n t  m a te r i a l s ,  and th e  io n iz in g  power o f th e  secondary  
r a d i a t i o n s  from th e s e  m a te r ia ls  m easured in  term s o f  th e  r a t e  o f 
d isc h a rg e  o f a s u i t a b ly  p lac ed  e le c tro s c o p e ,  a th ic k  le a d  sc reen  
s h ie ld in g  th e  e le c tro s c o p e  from  the d i r e c t  r a d i a t i o n  from  th e  
rad ium . U sing b o th  s o l id  and l iq u i d  m a te r ia l s .  Eve found t h a t  
th e  io n iz in g  power o f th e  secondary  r a d ia t io n  from  th e  v a r io u s  
m a te r ia ls  fo llo w ed  ro u g h ly  the  same o rd e r  as t h e i r  d e n s i t i e s .  
M easurem ents u s in g  s o l id  p la te s  o f d i f f e r e n t  th ic k n e s s e s  in d ic a te d  
t h a t  th e  secondary  r a d ia t io n  came n o t m erely  from  th e  su rfa ce  o f 
th e  r a d ia t in g  m a te r ia l ,  b u t  from a t o t a l  dep th  ra n g in g  from about 
1 ,5  mm f o r  le a d  to  about 3 mm f o r  g la s s ,  alum inium , o r  p a p e r.
As would be ex p ec ted  in  view o f t h i s  r e s u l t ,  th e  s t a t e  o f  th e
su rfa c e  was found to  be u n im p o rtan t.
( 5-j )
M cClelland'-  ^ c a r r i e d  o u t m easurem ents eomewhat s im ila r  
to  th o se  o f Eve, b u t  u sed  an arrangem ent o f  le a d  sc re e n s  around 
th e  radium  in  an a tte m p t to  produce a w e l l-d e f in e d  p e n c i l  o f p 
and Y r a d i a t i o n .  In s te a d  o f an e le c t ro s c o p e ,  an io n iz a t io n  
chamber connected  to  an e le c tro m e te r  was used  to  m easure th e
io n iz in g  power o f th e  secondary  r a d i a t i o n s ;  the  p o s i t io n  o f  the
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i o n iz a t io n  chamber co u ld  be v a r ie d  in  o rd e r  to  m easure th e
secondary  r a d i a t i o n  e m itte d  a t  d i f f e r e n t  a n g le s  to  th e  r a d ia t in g
s u r f a c e .  The r e s u l t s  o b ta in e d  by  M cC lelland a re  i n  g e n e ra l
agreem ent w ith  th o se  o f Eve. In  a d d i t io n ,  i t  was shown by
m agnetic  d e f le c t io n  o f th e  secondary  r a y s  t h a t  th e s e  c o n s is te d
o f  e le c t r o n s ,  some hav ing  g r e a te r  energy  th a n  th e  most e n e rg e t ic
of the primary p-partioles: no Y-rays were detected in  the
secondary  r a d i a t i o n .  The m easured io n iz in g  power o f th e  secondary
r a d ia t io n s  depended on th e  ang le  a t  which th e  p rim ary  r a d i a t i o n
f e l l  on the  t e s t - p i e c e  and a ls o  on the an g le  a t  which th e  m easured
secondary  r a d ia t io n  came Off. A llow ing th e  p rim ary  r a d i a t i o n  to
f a l l  no rm ally  on to  th e  m a te r ia l  under t e s t ,  and m easuring  th e
secondary  r a d i a t i o n  coming o f f  a t  d i f f e r e n t  a n g le s ,  M cC lelland
was a b le  to  compute an in te g r a te d  io n iz in g  power f o r  the  t o t a l
secondary  r a d i a t i o n ,  and g iv es  v a lu e s  o f th e  r a t i o  p o f  t h i s
in te g r a te d  io n iz in g  power to  th e  io n iz in g  power of th e  p rim ary
( 52 )r a d i a t i o n ,  f o r  a number of chem ical e lem en ts  . V/hen th e  
e lem en ts t e s te d  were a rran g ed  in  o rd e r  a cc o rd in g  to  t h e i r  p -v a lu e s ,  
th ey  f e l l  in to  w e ll-d e f in e d  g ro u p s , th e se  b e in g  th e  groups o f th e  
p e r io d ic  ta b le
T h is  grouping i s  in  acco rd  w ith  th e  id e a  t h a t  th e  
i n t e n s i t y  o f  th e  secondary  r a d i a t i o n  from  a p a r t i c u l a r  elem ent 
depends n o t on ly  upon th e  number o f e le c t r o n s  in  each  atom o f  th e  
e lem ent b u t  a ls o  upon the  energy w ith  w hich th e y  a re  bound: such
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a dependence would le a d  to  a d is c o n tin u o u s  v a r i a t io n  in  seco n d ary  
r a d i a t i o n  a t  th e  boundary o f  each  group o f  the p e r io d ic  t a b l e ,
A s im ila r  g roup ing  o f  th e  e lem en ts  was re p o r te d  by
(53)KLeeman' , w ith  some m inor d i f f e r e n c e s  in  th e  curves o f  io n iz in g  
power o f  secondary  r a d i a t i o n  a g a in s t  atom ic w eight o f ihe r a d i a t i n g  
s u b s ta n c e , Kleeman*s experim en ts were in te n d e d  to  m easure th e  
e f f e c t  o f  p rim ary  Y r a d i a t i o n  o n ly , b u t  H ackett^^^^ p o in ts  o u t 
t h a t  th e  p rim ary  r a d ia t io n  must have c o n ta in e d  c o n s id e ra b le  
numbers o f p - p a r t i c l e s ,  p roduced as  se c o n d a rie s  when th e  Y -rays 
p a sse d  th ro u g h  th e  alum inium  s id e  o f  Kleeman* s io n iz a t io n  cham ber,
H ackett^^^^ in v e s t ig a te d  th e  e f f e c t s  o f Y r a d i a t i o n  
a lone  by m easuring  the  io n iz in g  power o f  th e  secondary  r a d i a t i o n  
from th e  upper su rfa c e  o f  th e  m a te r ia l  under t e s t  when th e  p rim ary  
r a d ia t io n s  f e l l  on th e  low er su rfa c e  -  in  t h i s  way, th e  p rim ary  p 
r a d i a t i o n  was co m p le te ly  abso rbed  and th e  r a d i a t i o n  m easured was 
produced s o le ly  by th e  more p e n e t r a t in g  Y -ra y s , I t  was found th a t
th e  io n iz in g  power o f the  secondary  r  a d ia t io n  was p r a c t i c a l l y  the  
same f o r  a l l  e lem ents o f  atom ic w eigh t l e s s  th an  150 , b u t showed a 
marked in c re a s e  f o r  le a d  and o th e r  e lem en ts o f th e  same p e r io d ,  and 
a second marked in c re a s e  f o r  uranium  ( th e  on ly  e lem en t of th a t  
p e r io d  in v e s t ig a te d ) .
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( 55)Crowther c a r r i e d  ou t experim en ts to  in v e s t ig a te  th e  
p o s s ib le  e x is te n c e  o f  a  f a t ig u e  e f f e c t  in  a le a d  p la t e  exposed to  
rad ium  r a d i a t i o n s ,  as i s  found w ith  u l t r a - v i o l e t  o r X - r a d ia t io n ,  
and now c o n sid e re d  to  be due to  chem ical a c t io n  in v o lv in g  the 
g ases  occ luded  by th e  m e ta l s u r f a c e ^ ^ ^ \  He found th a t  no 
d im in u tio n  o c cu rred  in  th e  amount o f  secondary  r  a d ia t io n  g iven  
o u t by  th e  m eta l under th e  a c t io n  o f th e  rad ium  r a d i a t i o n  i t s e l f ,  
a lth o u g h  th e  em iss io n  from the  p la te  under th e  a c t io n  o f  u l t r a ­
v i o l e t  o r X - ra d ia t io n  was a l t e r e d  by exposure  to  th e  radium  
r a d i a t i o n .  A p p a ren tly  random d a y -to -d a y  f lu c tu a t io n s  o f up to  
5/0 in  th e  io n iz in g  power o f  the  secondary  .r a d ia t io n  w ith  radium  
were re c o rd e d , and C row ther su g g e s ts  t h a t  th e s e  may be th e  r e s u l t  
o f a  h u m id ity  e f f e c t ;  hum id ity  was n o t re c o rd e d  in  h is  e x p erim en ts .
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1 ,2  The Mechanism o f  D ischarge  G-ap I r r a d i a t i o n  w ith  Radium
W ith th e  radium  en c lo sed  in  th e  anode o f a d isc h a rg e  
gap , p and Y ra y s  w i l l  emanate from  th e  anode, m ost o f  th e  p 
ra y s  b e in g  s e c o n d a r ie s . Some io n iz a t io n  o f the  gas w i l l  occu r 
a s  a r e s u l t  o f  th e  passage  of th e  p r a d i a t i o n ,  w h ile  d i r e c t  
i o n iz a t io n  by th e  Y rays i s  l i k e l y  to  be n e g l ig ib le .  A f r a c t i o n  
o f the  r a d ia t io n  from  th e  anode w i l l  re a c h  the  c a th o d e , and th e r e  
produce f u r t h e r  secondary  r a d i a t i o n ,  and hence io n iz a t io n  o f  the  
g a s , by  a s im i la r  mechanism^5 7 )(5 8 )^
T hus, io n iz a t io n  o f the gas i s  b r o u ^ t  abou t by
secondary  P - r a d ia t io n ,  p a r t l y  from th e  anode and p a r t l y  from  th e
c a th o d e . For a f ix e d  radium  q u a n ti ty  in  a g iv en  anode, one would
e x p e c t th e  c o n tr ib u t io n  from th e  anode to  be c o n s ta n t ,  w h ile  t h a t
from  th e  cathode would be g r e a te s t  a t  sm all gap le n g th s :  w ith
in c r e a s in g  gap le n g th ,  however, th e  in c re a s e d  volume o f  gas
a v a i la b le  f o r  io n iz a t io n  would te n d  to  make th e  m easured io n iz a t io n
c u r r e n t  g r e a t e r .  The e f f e c t  o f  changing th e  cathode m a te r ia l
would be m ost marked in  s h o r t  g ap s , and a t  a  f ix e d  gap le n g th
( 52)would presum ably  be i n  accord  w ith  M cC lelland*s p -v a lu e s^  '  f o r  
th e  m a te r ia ls  u se d ,
( 55)F u r th e r , from  Crow ther*s work^ a lre a d y  m entioned , 
one would ex p ec t no f a t ig u e  e f f e c t ,  b u t  pe rh ap s a h u m id ity  e f f e c t  
o r random v a r ia t io n s  o f a few p e r c e n t from  day to  day .
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As w i l l  be se e n , the  p r e s e n t  r e s u l t s  a re  n o t e n t i r e l y  
i n  ao co rd  w ith  t h i s  v iew , p a r t i c u l a r l y  in  re g a rd  to  th e  e f f e c t  
o f  d i f f e r e n t  cathode m a te r ia l s .
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1 ,3  Hardy*3 I n i t i a l  I o n iz a t io n  C u rren t M easurem ents w ith  Radium
I n i t i a l  io n iz a t io n  c u r r e n ts  in  d isc h a rg e  gaps i r r a d i a t e d  
w ith  radium  have been  m easured by Hardy^ 57) ( 58)  ^ The m easured 
c u r r e n t  was found to  in c re a s e  w ith  gap le n g th ,  and no f a t ig u e  
e f f e c t  was o bserved . V/hen d i f f e r e n t  rad ium  q u a n t i t ie s  were u se d , 
th e  m easured c u r re n t  was n o t p ro p o r t io n a l  to  the  q u a n t i ty ,  b u t  
t h i s  may be because  Hardy used  nom inal r a t h e r  th an  a c c u ra te  v a lu e s  
o f rad ium  q u a n ti ty .  ( P r o p o r t io n a l i ty  betw een q u a n ti ty  o f r a d io ­
a c t iv e  m a te r ia l  and m easured c u r r e n t  form s th e  b a s i s  o f  th e  use o f 
th e  io n iz a t io n  chamber f o r  com parative  m easurem ents o f  r a d io ­
a c t i v i t y ) ,  No dependence of i n i t i a l  io n iz a t io n  c u r r e n t  on 
cathode m a te r ia l  was found ; th e  r e le v a n t  d e t a i l s  a re  g iv en  f u l l y  
in  re fe re n c e  (5 7 ) . The ca thode  m a te r ia ls  used  were z in c ,  
magnesium, t i n ,  c o p p er, s t e e l  and b r a s s .  Only magnesium was 
d i f f e r e n t  from  th e  o th e r s ,  g iv in g  "anom alously  low" v a lu e s  o f 
c u r r e n t  a t  sm all gap le n g th s  (0 ,1  in c h ) ;  i n  some case s  th e  
c u r r e n ts  m easured w ith  a  magnesium cathode were a p p a re n tly  
n e g a tiv e  -  a r e s u l t  which Hardy a s c r ib e s  to  zero  d r i f t  i n  h is  
m easu ring  a p p a ra tu s , o r to  the  s l i g h t  r i s e  in . p o t e n t i a l  of th e  
cathode w ith  r e s p e c t  to  th e  e a r th e d  g u a rd - r in g  c lo s e ly  su rround ing  
i t .  The p re s e n t  m easurem ents were desig n ed  to  e lim in a te  b o th  o f  
th e se  p o s s ib le  so u rc es  o f  e r r o r .
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2 . THE HIESENT MEASUREMENTS
In  th e  m easurem ents r e p o r te d  below , i n i t i a l  io n iz a t io n  
c u r r e n ts  were m easured in  d isc h a rg e  gaps s im ila r  to  th o se  used  
i n  most o f th e  ex p erim en ts  o f P a r t  I ,  above, i . e .  u s in g  100 kV 
e le c t ro d e s  o f th e  S tephenson  p r o f i l e ,  betw een w hich breakdown 
ta k e s  p la c e  in  th e  r e g io n  o f un iform  e l e c t r i c  f i e l d  f o r  gap 
le n g th s  o f up to  ap p ro x im ate ly  3 .8  cm. C apsules o f  radium  
brom ide, up to  th re e  in  number, were s i tu a te d  w ith in  th e  b ra s s  
anode, i n  h o le s  d r i l l e d  to  w ith in  Mmm o f  th e  sp a rk in g  s u r fa c e , 
and c lo s e  to  th e  a x is  o f th e  gap. The g u a rd - r in g  e le c tro d e  of 
F ig u re  47 was used  to  m easure s e p a ra te ly  th e  components o f  i n i t i a l  
i o n iz a t io n  c u rre n t  f lo w in g  in  th e  u n ifo rm - f ie ld  and non-uniform  
f i e l d  r e g io n s  o f th e  gap . F u r th e r  m easurem ents employed s o l id  
ca th o d es o f  ca rb o n , magnesium, alum inium , copper, b r a s s ,  m ild  
s t e e l  and  le a d .
The m easurem ents were c a r r i e d  o u t in  room a i r .
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2,1 Apparatus
The m easurem ents depended upon p a ss in g  th e  c u r r e n t  to  be 
m easured th ro u g h  a r e s i s t o r  o f  h ig h  v a lu e , and m easuring  th e  
v o lta g e  developed a c ro s s  i t ,  A n u l l  method o f  v o lta g e  measurement 
was u se d , s in c e  t h i s  made i t  p o s s ib le  to  a rra n g e  t h a t  th e  e a r th y  
e le c t ro d e  o f  th e  d isc h a rg e  gap (o r  th e  a p p ro p r ia te  p a r t  o f th i s  
e le c t r o d e ,  in  th e  g u a rd - r in g  arrangem en t) was a t  e a r th  p o t e n t i a l  
d u rin g  th e  m easurem ent.
A t f i r s t ,  a Lindemann e le c tro m e te r  was used  a s  th e  n u l l  
d e te c to r ,  b u t  g r e a te r  s e n s i t i v i t y  was r e q u ir e d  th a n  cou ld  be 
a ch iev ed  c o n v e n ie n tly  w ith  t h i s  in s tru m e n t. S e n s i t i v i t y  can , o f  
c o u rs e ,  be improved by in c re a s in g  th e  v a lu e  o f  th e  m easuring  
r e s i s t o r ,  b u t iv ith  th e  h ig h  r e s i s t a n c e  v a lu e s  in v o lv ed  th e  tim e- 
c o n s ta n t  o f th e  c i r c u i t  form ed by th e  m easuring  r e s i s t o r  and s t r a y  
c a p a c ita n c e  may become troublesom e -  f o r  exam ple, w ith  a r e s i s t o r  
o f  10"2 and a s t r a y  c a p a c ita n c e  o f  10 pF t h i s  t im e -c o n s ta n t  i s  
one second , and t h i s  i s  about th e  maximum t h a t  can be used  
c o n v e n ie n tly . I f  th e  c u r re n t  i s  o f  th e  o rd e r  o f 10 am peres, 
th e n , i n  o rd e r  to  m easure i t  to  w ith in  Ifü, th e  n u l l  d e te c to r  must 
be c a p a b le  o f d e te c t in g  a v o lta g e  o f  1 mV,
F o r th e  m easurem ents r e p o r te d  below , th e  c i r c u i t  o f 
F ig u re  48 was u se d . The gap v o lta g e  was p ro v id ed  by a 120V d ry
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b a t t e r y ;  in c r e a s in g  t h i s  v o lta g e  by a f a c to r  o f  seven was found 
to  produce an in c re a s e  o f  l e s s  th a n  1fo i n  th e  m easured i n i t i a l  
io n iz a t io n  c u r re n t  a t  a l l  gap le n g th s  u se d , R1 se rv e d  to  l i m i t  
th e  c u r r e n t  in  case  o f an a c c id e n ta l  s h o r t - c i r c u i t .  Sw itch  S 
s e le c te d  the  m easuring  r e s i s t o r ,  w hich was e i t h e r  ( p o s i t io n  2)
10"2 o r ( p o s i t io n  3) 1 0 ^ ° 2 in  p a r a l l e l  w ith  10"2 , The v o lta g e  
developed  a c ro s s  t h i s  m easuring  r e s i s t o r  was in  s e r i e s  o p p o s it io n  
w ith  th e  v o lta g e  a c ro s s  th e  low er arm o f a c a l ib r a t e d  d*c , 
p o te n tio m e te r  R4: th e  double e le c tro m e te r  te t r o d e  BDM10, in
c o n ju n c tio n  w ith  R5, R6 and ga lvanom eter G-, form ed a n u l l  d e te c to r ,  
R7 was a  s e n s i t i v i t y  c o n tr o l  f o r  the  galvanom eter G-,
The a p p a ra tu s  was o p e ra te d  in  th e  fo llo w in g  m anner.
The d ,c ,  p o te n tio m e te r  R4 was f i r s t  s ta n d a rd iz e d  in  th e  u s u a l  way 
a g a in s t  a s ta n d a rd  c e l l  (n o t  shown in  F ig u re  4 8 ) ,  and R3 was 
a d ju s te d  f o r  zero  galvanom eter d e f le c t io n  w ith  sw itch  S in  p o s i t io n  
1 , The sw itch  w as th e n  tu rn e d  to  p o s i t io n  2 o r 3 to  s e l e c t  th e  
r e q u ire d  m easuring  r e s i s t o r ,  and p o te n tio m e te r  R4 a d ju s te d  to  
r e tu r n  th e  galvanom eter re a d in g  to  z e ro , R7 b e in g  used  to  a v o id  
o v e rlo a d in g  o f th e  galvanom eter d u rin g  t h i s  p ro ce d u re . A f te r  the  
re a d in g  on R4 had been  n o te d , th e  sw itc h  S was r e tu rn e d  to  p o s i t io n  
1 to  check t h a t  th e  zero  o f  th e  n u l l  d e te c to r  had n o t d r i f t e d ,  
and th e  c a l i b r a t i o n  o f  R4 was checked a g a in s t  th e  s ta n d a rd  c e l l .
I f  e i t h e r  o f th e se  checks was u n s a t i s f a c to r y ,  th e  m easurem ent was 
r e p e a te d .
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A lthough th e  method does n o t r e q u i r e  lo n g -te rm  s t a b i l i t y  
o f th e  n u l l  d e te o to r ,  i t  was found  t h a t  th e  d r i f t  a f t e r  s e v e ra l  
ho u rs  o f  o p e ra tio n  co u ld  be k e p t to  th e  e q u iv a le n t  o f a  few 
m i l l i v o l t s  a t  th e  in p u t  by o b se rv in g  th e  p re c a u tio n s  u su a l w ith  
such c i r c u i t s ,  v i z ,  d e r iv in g  th e  power s u p p l ie s  from  la rg e  
accum ula to rs w ith  c le a n  te r m in a ls ,  and tu rn in g  th e  a p p a ra tu s  on 
a t  l e a s t  an hour b e fo re  a tte m p tin g  to  ta k e  a  m easurem ent. The 
sc re e n in g  in d ic a te d  in  F ig u re  48 se rv ed  n o t o n ly  to  p re v e n t sp u rio u s  
p ick -u p  on th e  high-im pedanoe s e c t io n  o f th e  c i r c u i t ,  b u t  a ls o  to  
exclude  d u s t  from th e  d isc h a rg e  gap , sw itch  S , and th e  m easuring  
r e s i s t o r s .  The gap e n c lo su re  was o f a lum inium , f i f t e e n  in c h e s  
square  by tw e n ty -fo u r  in c h e s  h ig h .
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2 .2  A ccuracy o f  th e  M easurem ents
Com parative A ccuracy
The com parative  accu racy  o f th e  p re s e n t  m easurem ents 
depends p r im a r i ly  on th e  fo llo w in g  f a c t o r s :
( i )  The s e n s i t i v i t y  o f th e  n u l l  d e te c to r ,
( i i )  Random V a r ia t io n s  in  th e  v a lu e  o f the m easuring  r e s i s t o r ,
( i i i )  U n c e r ta in ty  in  th e  r a t i o  betw een th e  two e f f e c t iv e
v a lu e s  o f m easuring  r e s i s t o r  (when com paring c u r r e n ts  
m easured on d i f f e r e n t  r a n g e s ) ,
( iv )  V a r ia t io n s  in  th e  c o n d it io n  o f  th e  gas (room a i r ) .
The n u l l  d e te c to r  was s u f f i c i e n t l y  s e n s i t iv e  to  in tro d u c e  
n e g l ig ib le  e r r o r ,  b u t  a cc u ra c y  was l im i te d  by random v a r ia t io n s  
which were found  to  occu r in  th e  m easured c u r r e n t :  o v e r a p e r io d
o f th e  o rd e r  o f a m in u te , th e  c u r r e n t  v a r ie d ,  a p p a re n tly  random ly , 
by up to  a b o u t -  0,53° o f  i t s  mean v a lu e .  I t  i s  c o n s id e re d  th a t  
th e  e r r o r  in tro d u c e d  in  t h i s  way was alw ays l e s s  th a n  0,5/o,
The v a lu e  o f  th e  m easuring  r e s i s t o r  v a r ie s  w ith  
tem p era tu re  and a p p lie d  v o l ta g e .  The com ponents u sed  h ere  were 
"M eg isto rs"  f o r  w hich th e  fo llo w in g  d a ta  was quo ted  by the  
m a n u fa c tu re rs :
— 1 3^ —
T em perature c o e f f i c i e n t  <0,3/o p e r  ®C 
V oltage  c o e f f i c i e n t  <0*3/^ p e r  v o l t
I n  th e  cou rse  o f  th e  m easurem ents, te m p e ra tu re s  v a r ie d  from  18®C 
to  22®G, and the  v o lta g e  a c ro ss  th e  m easuring  r e s i s t o r  from  K).1V 
to  The t o t a l  e r r o r  in tro d u c e d  by th e se  e f f e c t s  shou ld
th e r e f o re  be l e s s  th a n  -  0,8/o,
The r a t i o  betw een th e  e f f e c t iv e  v a lu e s  o f  m easuring  
r e s i s t o r  on th e  two ran g e s  was e s tim a te d  by m easuring  a number o f  
c u r r e n ts  o f s u i t a b le  v a lu e  on b o th  ran g es  in  tu r n .  In  f i f t e e n  
such m easurem ents, w ith  d i f f e r e n t  v a lu e s  o f  c u r r e n t ,  th e  v a lu e s  
o b ta in e d  f o r  t h i s  r a t i o  v a r ie d  from  11*10 to  1 1 ,2 2 , w ith  a mean 
v a lu e  o f 1 1 ,1 4 . The u n c e r ta in ty  in  t h i s  va lue  i s  n o t g r e a te r  
th a n  -  0,5/3,
V a r ia t io n s  in  th e  c o n d it io n  o f  th e  gas were ta k e n  in to  
accoun t by assum ing t h a t  th e  m easured c u r r e n t  i s  p ro p o r t io n a l  to  
gas d e n s i ty :  on t h i s  b a s i s ,  a l l  r e s u l t s  have been reduced  to  20®C
and 7Ô0 mm Hg,
When a h ig h  o rd e r  o f accu racy  i s  r e q u ir e d  in  m easurem ents 
o f  t h i s  k in d , i t  i s  e s s e n t i a l  t h a t  th e  p o s i t io n  o f  th e  radium  
c a p su le s  in  th e  anode be a c c u ra te ly  m a in ta in ed ; f o r  t h i s  re a s o n  
th e  c a p su le s  were p la c e d  in  in d iv id u a l  h o le s  in  which th e y  were 
a lo o se  s l id in g  f i t ,  r a th e r  th a n  sim ply  be ing  dropped in to  a  s in g le
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c o n v e n ie n tly  o v e rs iz e  h o le .  I t  i s  c o n s id e re d  th a t  rem oval and 
subsequen t rep lacem en t o f th e  radium  c a p su le s  caused  n e g l ig ib le  
d i f f e r e n c e  in  th e  c u r r e n t .
In  t o t a l ,  th e n , the  o v e ra l l  com parative  accu racy  o f the 
p re s e n t  m easurem ents i s  c o n s id e re d  to  be b e t t e r  th a n  -  2fo,
A bso lu te  A ccuracy
The a b so lu te  accu racy  of th e  r e s u l t s  i s  found  by 
add ing  th e  to le ra n c e  on th e  m easuring  r e s i s t o r s  ( -  10/Q to  th e  
com parative  accu racy  g iv en  above. T hus, th e  a b so lu te  accu racy  
i s  b e t t e r  th an  -  12^3,
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2 ,3  R e su lts
A p re lim in a ry  s e r i e s  o f  m easurem ents was c a r r i e d  o u t to  
d e te rm in e  w hat degree o f r e p e a t a b i l i t y  c o u ld  be e x p e c te d . R e s u lts  
o b ta in e d  w ith  an alum inium  cathode a re  shown in  F ig u re  4 9 , and 
d is p la y  a p p a re n tly  random d a y -to -d a y  v a r i a t io n s  o f up to  -  o f 
th e  mean v a lu e ; th e  o th e r  cathode m a te r ia ls  gave s im ila r  v a r ia t io n s ,  
D uring  th e  p e r io d  when th e se  m easurem ents were made, th e  gap 
e n c lo su re  was n o t opened.
To t e s t  f o r  a  p o s s ib le  h u m id ity  e f f e c t ,  io n iz a t io n  
c u r r e n ts  were m easured w ith  th e  gap mounted in  the  la rg e  e n c lo su re  
used f o r  th e  p u lse  experim en ts in  room a i r  (S e c tio n  3#1*1, P a r t  l ) .  
B rass e le c t ro d e s  were u se d , and the hum id ity  in s id e  th e  box was 
r a i s e d  by th e  use  o f a sim ple h u m id if ie r , and m easured w ith  a 
h a i r  hygrom eter* In  one ex p e rim e n t, th e  r e l a t i v e  h u m id ity  was 
r a i s e d  from 40^ to  70/o, and a change o f  l e s s  th an  2/o i n  m easured 
c u r r e n t  was re c o rd e d , A r e p e a t  o f t h i s  e x p e rim e n t, r a i s in g  
r e l a t i v e  h u m id ity  from  38/à* to  60/o, gave a s im ila r  r e s u l t .  I t  
a p p e a rs , th e n , t h a t  th e  f lu c tu a t io n s  o f F ig u re  49 can n o t be th e  
r e s u l t  o f  a  h u m id ity  e f f e c t .
F ig u re  50 shows r e s u l t s  o b ta in e d  u s in g  the g u a rd - r in g  
e le c tro d e  a s  ca th o d e . Two s e r ie s  o f m easurem ents were made, one 
w ith  th e  radium  i n  th e  anode, and th e  o th e r  w ith  th e  radium  i n  th e
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c a th o d e , a t  nom ina lly  th e  same depth  b eh in d  the sp a rk in g  s u r f a c e ,  
and a t  th e  same (sm a ll)  d is ta n c e  from  th e  a x is  in  b o th  oases*
As F ig u re  50 shows, th e  t o t a l  c u r r e n t  was low er w ith  th e  
radium  in  th e  c a th o d e , perhaps due to  th e  radium  c a p s u le 's  n o t 
b e in g  a t  p r e c i s e ly  th e  same dep th  beh ind  th e  sp a rk in g  su rfa c e  in  
th e  two d i f f e r e n t  e le c t ro d e s ;  in  s p i t e  o f  t h i s ,  th e  c u r r e n t to  th e  
in n e r  p o r t io n  o f  the  g u a rd -r in g  e le c tro d e  was g r e a te r  in  t h i s  c a s e , 
by  r^ /^o in  the  s h o r te s t  gaps and ~lO/^o in  the  lo n g e s t .  (Note t h a t  
th e se  e le c t r o d e s  a re  m ost l i k e l y  to  be used  a t  sp ac in g s  o f  l e s s  
th a n  3 .8  cm, v^e re  breakdown o ccu rs  in  th e  u n i fo r m - f ie ld  re g io n  of 
th e  g a p ). F ig u re  51 shows th e  f r a c t i o n  of t o t a l  i n i t i a l  i o n iz a t io n  
c u r r e n t  t h a t  flow s to  th e  in n e r  p o r t io n  o f  th e  g u a rd - r in g  e le c t r o d e ,  
and th e r e f o re  in  th e  s u b s ta n t i a l ly  u n ifo rm -f ie ld  re g io n  o f  the  gap . 
The su rfa c e  a re a  o f t h i s  in n e r  p o r t io n  i s  12^o o f  th e  p ro je c te d  a re a  
o f  th e  Thole e le c t r o d e .  In  the  experim en ts w ith  th e  g u a rd - r in g  
e le c t r o d e ,  i t  was found t h a t  d a y -to -d a y  v a r i a t io n s  in  th e  c u r r e n t  
to  th e  in n e r  p o r t io n  were c o n s id e ra b ly  l e s s  th a n  th o se  in  th e  t o t a l  
c u r r e n t :  th u s ,  in  a s e r i e s  o f m easurem ents w ith  a 2 cm g ap , a
v a r i a t i o n  o f  in  th e  t o t a l  c u r re n t  was accom panied by a v a r i a t i o n  
o f l e s s  th a n  1/% in  th e  c u rre n t  to  th e  in n e r  p o r t io n  -  t h i s  l a t t e r  
v a r i a t i o n  may be e n t i r e l y  due to  e x p e rim e n ta l in a c c u ra c y .
R e s u lts  o b ta in e d  w ith  d i f f e r e n t  q u a n t i t ie s  o f radium  in  
th e  anode in d ic a te  t h a t  th e  i n i t i a l  io n iz a t io n  c u r r e n t  i s
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p ro p o r t io n a l  to  t h i s  q u a n t i ty .  F ig u re  52 shows th e  v a lu e s  o f  
c u r r e n t  m easured on th e  in n e r  p o r t io n  o f th e  g u a rd -r in g  e le c tro d e ;  
s im i la r  r e s u l t s  were o b ta in e d  by m easuring  the  c u r r e n t  to  the  
o u te r  p a r t  o f  t h i s  e le c t r o d e ,  and a ls o  in  th e  case  o f a  s o l id  
b ra s s  cathode*
M easured v a lu e s  o f i n i t i a l  io n iz a t io n  c u r r e n t  w ith
d i f f e r e n t  cathode m a te r ia ls  a re  compared in  F ig u re s  53 and 54.
Each p o in t  r e p r e s e n ts  th e  mean o f  3 to  12 m easurem ents, made on
d i f f e r e n t  days so t h a t  th e  e f f e c t s  o f  random d a y -to -d a y  v a r ia t io n s
have been av erag ed  o u t .  As a  ch eck , some o f  th e  m easurem ents were
re p e a te d  w ith  a l a r g e r  q u a n ti ty  o f  rad ium , g iv in g  th e  r e s u l t s  shown
in  F ig u re s  55 and 56. V alues o f  i^  o b ta in e d  w ith  a b ra s s  cathode
were v i r t u a l l y  i d e n t i c a l  w ith  th o se  f o r  th e  copper c a th o d e . I n
th e  p re s e n t  c a s e ,  no anomalous e f f e c t  was found w ith  th e
( 57)magnesium c a th o d e , a s  in  Hardy’s work^
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3 .  CONCLUSIONS
C o n sid e rab le  d a y -to -d a y  v a r i a t io n s  occu r in  th e  i n i t i a l  
i o n iz a t io n  c u r r e n ts  m easured u s in g  s o l id  e le c t r o d e s ;  when, how ever, 
th e  cathode i s  d iv id e d  in to  two s e p a ra te  p a r t s ,  th e  component o f  
c u r r e n t  m easured in  th e  u n ifo rm - f ie ld  re g io n  o f  th e  gap d is p la y s  
v a r i a t io n s  no l a r g e r  th a n  th o se  a t t r i b u t a b l e  to  ex p erim e n ta l e r r o r .  
I t  fo llo w s from  t h i s  l a t t e r  r e s u l t  t h a t  th e se  v a r i a t io n s  a re  l i k e l y  
to  be o f no consequence in  experim en ts where the  radium  i s  r e q u ire d  
to  i r r a d i a t e  on ly  th e  u n ifo rm - f ie ld  re g io n  o f th e  gap . The 
v a r i a t io n s  o c c u rr in g  w ith  s o l i d  e le c t ro d e s  a re  perhaps to  be 
i d e n t i f i e d  w ith  th e  d a y -to -d a y  v a r i a t io n s  r e p o r te d  i n  C row ther*s
( 55)work^ 0^ In  th e  p re s e n t  case  a t  l e a s t ,  th e y  do n o t r e s u l t  from  
a hum id ity  e f f e c t .
R e s u lts  o b ta in e d  w ith  th e  g u a rd - r in g  cathode  in d ic a te  
th e  e r r o r  t h a t  would be in tro d u c e d  i f  the  component o f i n i t i a l  
io n iz a t io n  c u r r e n t  flo w in g  in  th e  u n ifo rm - f ie ld  r e g io n  o f th e  gap 
were e s tim a te d  from th e  t o t a l  sim ply  by m u lt ip ly in g  by th e  r a t i o  
( s u r fa c e  a re a  o f f l a t  in n e r  p o r t io n  o f c a th o d e ) / ( t o t a l  p r o je c te d  
a r e a ) .  In  th e  p re s e n t  c a s e ,  th e  e s t im a te d  c u r r e n t  would be too  
low by a f a c to r  o f  ^ . 6 ,  th e  e x a c t va lue  depending on gap le n g th ;  
th e  e r r o r  i s  g r e a t e s t  f o r  sm all g ap s . (These e le c t ro d e s  a re  
most l i k e l y  to  be used  w ith  gap le n g th s  o f ^3*8 cm, where breakdown 
i s  co n fin ed  to  th e  u n ifo rm - f ie ld  r e g io n ) .
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The v a r i a t i o n  o f  i n i t i a l  io n iz a t io n  c u r r e n t  r e s u l t i n g  
from  th e  use o f  d i f f e r e n t  cathode m a te r ia ls  i s  o n ly  a few p e r  
c e n t ,  ex cep t f o r  l e a d ,  and t h i s  f a c t o r  i s  n o t l i k e l y  to  in f lu e n c e  
th e  ch o ice  o f  ca thode  m a te r ia l  in  any p r a c t i c a l  a p p l i c a t io n ,  th e  
advan tage  o f  in c re a s e d  io n iz a t io n  w ith  le a d  b e in g  o f f s e t  by th e  
d i f f i c u l t y  o f  w orking t h i s  m a te r ia l  s a t i s f a c t o r i l y .  The v a r i a t i o n  
o f  i n i t i a l  io n iz a t io n  c u r r e n t  w ith  cathode m a te r ia l  i s  n o t  th e  same 
a t  a l l  gap le n g th s .  The mechanism i s  p ro b ab ly  more co m p lica te d  
th an  in d ic a te d  in  S e c tio n  1 .2 ,  above; and th e  fo l lo w in g , p u re ly  
t e n t a t i v e ,  e x p la n a tio n  may be p u t fo rw a rd . F or gaps lo n g e r  th an  
2 cm, a l l  m a te r ia ls  gave v e ry  s im i la r  r e s u l t s ,  w ith  th e  e x c e p tio n  
o f l e a d ,  f o r  v/hich the  io n iz a t io n  was c o n s id e ra b ly  g r e a te r .  On 
th e  b a s i s  o f H a o k e tt 's  r e s u l t s ^ t h i s  would be e x p ec te d  i f  th e  
r a d i a t i o n  on the  ca thode  were w holly  y  r a d i a t i o n :  th u s  i t  may be
supposed t h a t  th e  secondary  (3 r a d i a t i o n  from th e  anode i s  s e v e re ly  
a t te n u a te d  in  t r a v e r s in g  2 cm in  a i r .  In  gaps c o n s id e ra b ly  
s h o r te r  th a n  2 cm, t h i s  (3 r a d i a t i o n  i s  presum ably th e  m ajor f a c t o r  
in  d e te rm in in g  th e  amount of secondary  r a d i a t i o n  produced  a t  th e  
c a th o d e , le a d in g  to  an e n t i r e l y  d i f f e r e n t  k in d  o f  b e h a v io u r .
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4 .  RECOIvaiENDATIONS FOR FURTHER WORK
I t  would be o f  i n t e r e s t  to  in v e s t ig a te  th e  cause  o f  
th e  random d a y -to -d a y  v a r ia t io n s  t h a t  have been found  in  th e  
i n i t i a l  io n iz a t io n  c u r r e n ts  m easured w ith  s o l id  e le c t r o d e s .
One approach  to  t h i s  problem  would be to  f in d  i f  such 
v a r i a t io n s  occu r i n  th e  i n i t i a l  io n iz a t io n  c u r r e n ts  m easured 
u s in g  th o ro u g h ly  o u tg assed  e le c t ro d e s  in  an i n e r t  gas a tm osphere: 
i f ,  as seems l i k e l y ,  th e y  do n o t ,  i t  would rem ain  to  be d e te rm in ed  
w hether th e  v a r i a t i o n s  in  th e  p re s e n t  m easurem ents r e s u l t  from  
changes in  th e  c o n te n t o f th e  a tm o sp h eric  a i r ,  o r  from  chem ical 
changes a t  th e  e le c tro d e  s u r fa c e s  -  i t  may be d i f f i c u l t  to  s e p a ra te  
th e se  e f f e c t s  e x p e r im e n ta lly . The r e s u l t s  above have shown t h a t  
th e  raridom v a r i a t i o n s  in  the  c u r r e n t  to  th e  in n e r  p a r t  o f  th e  
e le c t ro d e s  a re  s i g n i f i c a n t l y  l e s s  th an  f o r  th e  o u te r  p a r t ,  and 
i t  i s  d i f f i c u l t  to  see  how v a r i a t i o n s  in  th e  gas c o n te n t  cou ld  
le a d  to  t h i s  k in d  o f  b e h a v io u r . I f  i t  i s  assumed t h a t  th e  s t a t e  o f  
th e  anode su rfa c e  in f lu e n c e s  th e  a n g u la r  d i s t r i b u t i o n  o f the  
em ergent r a d i a t i o n ,  i t  i s  co n ce iv ab le  t h a t  such a  b e h a v io u r c o u ld  
r e s u l t .  T h is  a n g u la r  d i s t r i b u t i o n  c o u ld  be m easured by means o f  
a c o u n te r . I t  would be u s e fu l  to  be a b le  to  d i s t in g u i s h  betw een 
P and Y r a d i a t i o n ,  as a  s im i la r  experim en t would th e n  throw  l i g h t  
on the f e a s i b i l i t y  o f the t e n t a t i v e  e x p la n a tio n  p roposed  above f o r  
th e  v a r i a t i o n  o f  i n i t i a l  io n iz a t io n  c u r r e n t  w ith  ca thode  m a te r ia l .
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